High capacity information storage systems using lasers by Gaylord, Thomas Keith
GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF RESEARCH ADMINISTRATION 
RESEARCH PROJECT INITIATION 
Date:  April 18, 1973  
Project Title: Research Initiation - High Capacity Information Storage Systems Using Lasers 
Project No: E-21-626 
Principal Investigator Dr. T. K. Gaylord... 
Sponsor: 	National Science Foundation 
April 1, 1973 	 March 31, 1975* Agreement Period: From 	 Until 	  
3 month budget period plus 6 months for submission of required reports, etc. 
Type Agreement: 
Grant GK-37453 
Amount: $17,000 - NSF Funds (E-21-626) 
4,498 - GIT Contrb. (E-21-319) 
$21,498 - Total 
Reports Required: 
Annual Letter Technical; Final. Report 
Sponsor Contact Person (s): 
Administrative Matters  
Mr. Wilbur W. Bolton, dr. 
Grants Officer 
NSF 
Washington, D. C. 20550 
Technical Matters  
Dr. M. S. Ghausi 
Electrical Sciences & Analysis Section 
Division of Engineering 
NSF 
Washington, D. C. 20550 
Phone: (202) 632-5881 
Assigned to: 







Rich Electronic Computer Center 
Dean of the College 
	
Photographic Laboratory 
Director, Research Administration 
	
Project File 
Director, Financial Affairs (2) 
Security-Reports-Property Office 




GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF RESEARCH ADMINISTRATION 
RESEARCH PROJECT TERMINATION 
Date:  3 September 1975 
Project Title 	 Research Initiation - High Capacity Information Storage 
Systems Using Lasers 
Project No: 	 E- 21- 626 
Principal Investigator: 	Dr. T. K. Gaylord 
Sponsor: 	 National Science Foundation 
Effective Termination Date: 
	March 31, 1975 
Clearance of Accounting Charges: March 31, 1975 
Grant/Contract Closeout Actions Remaining: 	
Final Fiscal Report 
Assigned to School of Electrical Engineering 
COPIES TO: 
Principal Investigator 	 Library, Technical Reports Section 
School Director 	 Computer Sciences 
Dean of the College 	 Photographic laboratory 
Director of Research Administration 	 Terminated Project File No. 
Office of Financial Affairs (2) 	 Other 
Security - Reports - Property Officol..."" 
Patent and Inventions Coordinator 
;c,.*hil 

Li Nb03 1 
	
c-axis 
C6 Bragg ckBragg 
Probing 
Beam 
Angular selectivity of lithium niobate volume holograms 
T. K. Gaylord 
School of Electrical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 
F. K. Tittel 
Electrical Engineering Department, Rice University, Houston, Texas 77001 
(Received 29 May 1973) 
The angular selectivities for the reconstruction of volume-phase holograms in doped and nominally 
pure LiNbO3 crystals have been measured. The half-power angular widths for reading were found 
for the cases studied to be in agreement with theoretically predicted values. 
It has been demonstrated that LiNbO 3 can be used as 
a recording material for volume-phase holograms. 1 
 These holograms are produced directly (without pro-
cessing) by the interference of laser beams of the ap-
propriate wavelength intersecting in the crystal. The 
volume nature of this holographic storage is especially 
interesting since it indicates the possibility of very-
high-capacity information storage. Volume (thick) holo- 
grams exhibit a number of properties in addition to those 
possessed by two-dimensional (thin) holograms. Among 
these properties is angular selectivity—the need for the 
reference beam to illuminate the hologram at a precise 
angle in order to achieve reconstruction. Illumination 
outside of a narrow angular corridor produces a rapidly 
decreasing intensity of the reconstructed data. 
A standard two-beam holographic configuration was 
used and plane-wave holograms were written. These 
holograms were reproductions of the original interfer-
ence pattern, which has the geometry of a series of 
vertical planes, with an intensity variation perpendicular 
to the planes of I(z) = 270 sin2 (irz/L), where /0 is the in-
tensity of each writing beam and L is the resultant 
grating spacing (L x/2 sing, B ragg). 
Two poled single-domain LiNbO3 crystals were used :, 
one doped with 0.05 mole% iron and one nominally pure 
sample. The crystals were oriented as shown in Fig. :L 
with their b -face surfaces perpendicular to the bisector 
of the writing beams and with the c axis in the plane of 
the writing beams. A frequency-doubled Nd:YAG laser 
(5300 A) and an argon-ion laser operating at 5145 A 
were used in these experiments to write the holograms. 
FIG. 1. Geometry of the writing and measuring configuration. 
A HeNe laser (6328 A) aligned to its corresponding 
Bragg angle was used to monitor the diffraction efficien-
cy and to measure the angular selectivity. The polariza-
tion of the two writing beams was in the plane of these 
beams, while the polarization of the HeNe monitoring 
beam was perpendicular to the plane of incidence. 
To measure the angular selectivity for reconstruction, 
the single HeNe probing beam was allowed to illuminate 
the hologram and the diffracted power was monitored. 
Then, by rotating the incident beam with respect to the 
crystal (varying the angle 4, shown in Fig. 1), the varia-
tions in diffraction efficiency were measured. For the 
iron-doped LiNbO3 crystal the measured angular selec-
tivity is shown in Fig. 2. 
Assuming that the sinusoidal interference pattern, 
I(z), produced by the intersection of the two writing 
beams produces a sinusoidal variation in the index of 
refraction, then the diffraction efficiency of the volume 
grating hologram is given bye no = sinz (rrAnt/X costh B rags ), 
where no is the on-Bragg-angle diffraction efficiency, 
An is the peak value of the sinusoidal grating of index 
of refraction, and t is the length of the interaction re-
gion (thickness of the crystal for these cases). During 
the writing process An increases and a peak in the dif-
fraction efficiency (predicted to be 100%) occurs when 
On reaches a value of (X coscb Braga)/2t. A further in-
crease in An causes the diffraction efficiency to de-
crease until a An of (X cos0 Brug)/t is reached at which 
3.8 	4.0 	4.2 ¢ Bragg 	4.6 
0(degrees) 
FIG. 2. Angular selectivity for reading of a hologram recorded 
in a 1-mm-thick iron-doped LiNbO3 crystal using a writing 
wavelength of 5300 A and a probing wavelength of 6328 A. 
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,'here the angle of refraction (4) Br3gg ) i = 	 P)1 
sin(i) Bragg}. The HeNe probing beam (X= 6328 A) was 
)olarized perpendicular to the c axis of the crystal 
ordinary ray) and thus n(A, P) = 2.288 for LiNbO3 . For 
he 1-mm-thick iron-doped LiNbO 3 sample, the mea-
sured half-power full angular width from Fig. 2 is seen 
:o be 0.461' ± 0.004 ° . For the conditions of this experi-
ment (cp aram = 4.4 ° , A=5300 A., and no = 2. Ox10-3) the 
calculated value from (2) is 0. 402 ° . For the 5-mm-
thick nominally pure LiNbO 3 crystal, the half-power 
angular width was measured to be 0.080 ° ± 0. 004 ° as 
compared to the calculated value from (2) for that ex-
periment (4) Brmg = 4. 35 ° , A= 5145 A, and 710 ,--- 1. 1x10-4 ) 
of 0. 0789 ° . The deviations between the theoretical and 
experimental values were 14 and 1. 6%, respectively. 
The agreement between theoretical and experimental 
values may be taken as an indication that the presence of 
divergence in the writing beams (writing beam diver-
gence = 0. 143 ° for the 5300-A beams and 0. 035 ° for the 
5145-A beams) does not have an appreciable effect on the 
resultant angular selectivity for reading. The presence 
of optical absorption has previously been shown to have 
very little effect on the angular selectivity of dielectric 
transmission holograms. 2 
In summary, the angular selectivity for the recon-
struction of LiNbO 3 volume holograms has been mea-
sured and found to be in agreement with theoretical 
predictions. This information is of particular interest 
for high-capacity information storage applications since 
it indicates (1) a practical limit on the angular packing 
density of multiple holograms stored at a single location 
and (2) the required beam positioning accuracy to per-
form the process of reading. 
•Work supported by the National Science Foundation. 
'F. S. Chen, J. T. LaMacchia, and D. B. Fraser, Appl. Phys. Lett. 
13, 223 (1968). 
2H. Kogelnik, Bell Syst. Tech. J. 48, 2909 (1969). 
3J. J. Amodei, W. Phillips, and D. L. Staebler, Appl. Opt. II, 390 
(1972). 
'A. Ishida, 0. Mikami, S. Miyazawa, and M. Sumi, Appl. Phys. Lett. 
21, 192 (1972). 
5 The angular selectivity expression [Eq. (1)] has previously appeared in 
the literature without the index of refraction factor (Refs. 1 and 6) 
and without the A (710 factor (Refs. 1 and 7). 
6T. K. Gaylord, T. A. Rabson, and F. K. Tittel, Appl. Phys. Lett. 
20, 47 (1972). 
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I. ABSTRACT 
A program of study of high capacity information storage in electro-
optic crystals was undertaken. This study focused on the problems associated 
with very high capacity storage (through multiple hologram superposition) and 
the use of lithium niobate as the recording medium. 
A number of important problem areas were identified and significant 
experimental and theoretical results were obtained in the study of these 
areas. The areas included: 1) the angular selectivity of the stored 
holograms; 2) interference effects due to the crystal surfaces; 3) beam 
divergence effects; 4) material recording sensitivity; 5) scattered light 
from material inhomogeneities; 6) prediction of read-out parameters of 
volume holograms; 7) multiple hologram superposition; and 8) optical memory 
system considerations. Numerous significant results were obtained in the 
investigation of these areas. Five technical journal articles were published 
based on these new results. 
Single hologram and multiple hologram recording experiments were 
performed using the experimental configuration shown in Fig. 1. Holograms 
were analyzed experimentally at wavelengths of 488.Onm, 514.5nm, and 632.8nm. 
Many important practical considerations were identified in addition to the 
published results. These practical findings are also included in this 
report. 
AMPLITUDE 
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FIGURE 1. EXPERIMENTAL CONFIGURATION FOR MEASURING THE OPTICAL 
HOLOGRAPHIC STORAGE PROPERTIES OF FERROELECTRIC CRYSTALS. 
II. POTENTIAL ENGINEERING APPLICATIONS 
The need for large-capacity rapid-access information storage has 
greatly exceeded the capability of present day memory systems. In 
addition, this need is growing very rapidly. Thus the gap between needed 
memory systems and existing memories has only increased. A number of high 
capacity storage schemes are currently available but these all have very 
slow access times. Likewise, very East rapid access memories are presently 
available but their storage capacity is very small. An inherent trade-off 
seems to exist between storage capacity and access time. The optical 
memory, on the other hand, has been recognized as an extremely promising 
approach for simultaneously achieving both very high storage capacity and 
rapid random access [1]. 
The need for mass storage may be divided into several categories. 
Perhaps the least demanding of these categories is archival storage or 
record access. In this category very large amounts of data need to be 
stored in a central memory and occasionally accessed. Examples in this 
category include libraries, insurance data, medical data, seismic data, 
criminal data, tax information, patent records, national defense data, 
telephone numbers, stock market information, computer software packages, 
postal data, credit data, large inventories, etc. Numerous governmental 
and private organizations, for example, currently have very large magnetic 
tape libraries containing over 200,000 reels of magnetic tape. This amount 
of information is both expensive to store and only very slowly accessible. 
This category of storage would thus be primarily read-only. Changing the 
data would occur only infrequently by computer standards. 
The second category is the need for high data rate recording and 
temporary storage. An example in this category would be very high bit 
3 
rate optical communications systems. In optical communications the 
efficient use of turbulent channels will require very high capacity, very 
fast, reusable mass storage for recording during temporary interruptions 
of these channels. Another example in this category would be data re- 
cording during a fly-by space probe. In this situation a very large amount 
of data may be gathered during a brief period of time. If this information 
could be stored, it could later be transmitted at a low bit rate in order 
to minimize transmission errors in the data. Still another example of 
temporary storage would be in the use of large scale weather prediction 
programs. 
A third category of need for high capacity storage is in computer 
memories. Present day computing systems utilize a complex hierarchy of 
storage devices. Some of the more important of these memories are magnetic 
tape, disks, drums, cores, and semiconductors. Modern computers use a 
combination of the large and slow along with the small and fast memories 
in a hierarchical structure in order to realize efficient computing. The 
optical memory, due to its very high capacity and fast random access, offers 
the potential of replacing a large portion of the existing memory hierarchy. 
This is probably the most obvious application of high capacity, rapid access 
optical memories. 
A fourth category of need is in the development of new computer 
architectures. This represents a new area based largely on the multi-
port capability of optical memories [2] 
4 
III. ANGULAR SELECTIVITY 
Because of the three-dimensional nature of the crystal, holograms 
recorded in lithium niobate are volume holograms. These holograms are 
produced directly (without processing) by the interference of laser beams 
of the appropriate wavelength intersecting in the crystal. The volume 
nature of this holographic storage is especially interesting since it 
indicates the possibility of very high capacity information storage. 
Volume (thick) holograms exhibit a number of properties in addition 
to those possessed by two•dimensional (thin) holograms. Among these pro-
perties is angular selectivity--the need for the reference beam to illu- 
minate the hologram at a precise ang1e in order to achieve reconstruction. 
Illumination outside of this angular corridor produces a rapidly decreasing 
intensity of the reconstructed data. To perform these diagnostic experi-
ments plane wave holograms (caused by the interference of two plane waves) 
were used. Even though this is a special case, a general hologram may be 
constructed by the superposition of an infinite number of plane wave holograms. 
Reconstruction of a volume hologram l3] is possible (with half maximum 
diffracted power or greater) only over the range of wavelengths given by 
AX 




and only over the range of angles given by 
AB = A(110 )n(x,P) t , 	 ( 2) 
where ph and 0 are centered about the writing wavelength x, and the writing 
angle, A. The thickness of the hologram is given by t, L is the fringe 
5 
spacing of the fundamental grating (L = x/2sine), n(x,P) is the appropriate 
index of refraction for the probing beam wavelength and polarization, and 
A(T140 ) is the angular selectivity coefficient (approximately equal to unity). 
These types of properties are in actuality just manifestations of the 
increased storage capacity of the volume storage medium. 
The experimental configuration shown in Figure 1 was used to measure 
the angular selectivity and compare it with the theoretical value. Thicknesses 
from lmm to 5mm were tested. Both iron-doped and nominally pure crystals 
of lithium niobate were used. The half-power angular widths were found to 
be in agreement with theoretically predicted values. These results show 
that the theoretical angular packing density of multiple holograms is 
achievable! This important finding was reported in Appl. Phys. Letters [4]. 
This publication gives experimental details as well as results and is repro-
duced here for completeness. 
Additional experimental results have been obtained since Ref. 4 was 
published. These show a much more detailed comparison of theory and experi-
ment for a broader range of reading angles. These data are shown in Figs. 2 
and 3. 
6 
6'.00 6.50 	71.00 .50 
FIGURE 2, A COMPARISON OF ANGULAR SELECTIVITY EXPERIMENTAL DATA WITH RESULTS FROM THE 
COUPLED WAVE THEORY. The particular thickness chosen, d, yields the best 
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FIGURE 3. AMPLITUDE RANGE OF THEORETICAL ANGULAR SELECTIVITY DUE TO MINUTE THICKNESS 
VARIATIONS. The thickness used in producing the plain curve is that 
needed to obtain a minimum value of the transmittance factor on the Bragg 
angle (T=0.3). The crossed curve corresponds to maximum transmittance 
_ l , $) , The exper imental data is Been to occur within these extremes. 
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Angular selectivity of lithium niobate volume holograms 
T. K. Gaylord 
School of Electrical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 
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Electrical Engineering Department, Rice University, Houston, Texas 77001 
(Received 29 May 1973) 
The angular selectivities for the reconstruction of volume-phase holograms in doped and nominally 
pure LiNbO 3 crystals have been measured. The half-power angular widths for reading were found 
for the cases studied to be in agreement with theoretically predicted values. 
It has been demonstrated that LiNbO 3 can be used as 
a recording material for volume-phase holograms. 1 
 These holograms are produced directly (without pro-
cessing) by the interference of laser beams of the ap-
propriate wavelength intersecting in the crystal. The 
volume nature of this holographic storage is especially 
interesting since it indicates the possibility of very-
high-capacity information storage. Volume (thick) holo- 
grams exhibit a number of properties in addition to those 
possessed by two-dimensional (thin) holograms. Among 
these properties is angular selectivity—the need for the 
reference beam to illuminate the hologram at a precise 
angle in order to achieve reconstruction. Illumination 
outside of a narrow angular corridor produces a rapidly 
decreasing intensity of the reconstructed data. 
A standard two-beam holographic configuration was 
used and plane-wave hologiams were written. These 
holograms were reproductions of the original interfer-
ence pattern, which has the geometry of a series of 
vertical planes, with an intensity variation perpendicular 
to the planes of /(z)= 270 sin2 (irz/L), where / 0 is the in-
tensity of each writing beam and L is the resultant 
grating spacing (L = x/2 Sing) B rag) • 
Two poled single-domain LiNbO• crystals were used, 
one doped with 0.05 mole% iron and one nominally pure 
sample. The crystals were oriented as shown in Fig. 1 
with their b-face surfaces perpendicular to the bisector 
of the writing beams and with the c axis in the plane of 
the writing beams. A frequency-doubled Nd:YAG laser 
(5300 A) and an argon-ion laser operating at 5145 A 
were used in these experiments to write the holograms. 
Probing 
Beam 




FIG. 1. Geometry of the writing and measuring configuration. 
A HeNe laser (6328 A) aligned to its corresponding 
Bragg angle was used to monitor the diffraction efficien-
cy and to measure the angular selectivity. The polariza-
tion of the two writing beams was in the plane of these 
beams, while the polarization of the HeNe monitoring 
beam was perpendicular to the plane of incidence. 
To measure the angular selectivity for reconstruction, 
the single HeNe probing beam was allowed to illuminate 
the hologram and the diffracted power was monitored. 
Then, by rotating the incident beam with respect to the 
crystal (varying the angle d) shown in Fig. 1), the varia-
tions in diffraction efficiency were measured. For the 
iron-doped LiNbO 3 crystal the measured angular selec-
tivity is shown in Fig. 2. 
Assuming that the sinusoidal interference pattern, 
1(z), produced by the intersection of the two writing 
beams produces a sinusoidal variation in the index of 
refraction, then the diffraction efficiency of the volume 
grating hologram is given bye 	sina (irAntA cos0 Bragg ), 
where tjo is the on-Bragg-angle diffraction efficiency, 
An is the peak value of the sinusoidal grating of index 
of refraCtion, and t is the length of the interaction re-
gion (thickness of the crystal for these cases). During 
the writing process An increases and a peak in the dif-
fraction efficiency (predicted to be 100%) occurs when 
An reaches a value of (X cos(P aragg )/2t. A further in-
crease in An causes the diffraction efficiency to de-
crease until a An of (X cos4 Bragg )/t is reached at which 
0.461°— 
I 	1 	I 	1 	I 	I 	I  
3.8 4.0 4.2 ck Bragg 	4.6 	4.8 
51,(degrees) 
FIG. 2. Angular selectivity for reading of a hologram recorded 
in a 1-mm-thick iron-doped LiNbO 3 crystal using a writing 
wavelength of 5300 A and a probing wavelength of 6328 A. 
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FIG. 3. The angular selectivity coefficient, A(n o), as a function 
of on-Bragg-angle diffraction efficiency, no . 
time no again begins to increase. This oscillatory be-
havior of the diffraction efficiency with exposure time 
has been experimentally observed. 3 ' 4 
The theoretical angular selectivity for reading a vol.-  
4772 
ume hologram can be determined using the coupled-
wave theory of Kogelnik. 2 For the full range of on-
Bragg-angle diffraction efficiencies (0< n o < 1.00). the 
half-power full angular width inside the crystal, ■ Ac, ., 
can be determined by numerically solving Eqs. (42) — I45 
in Ref. 2. The result is that (a (b), =A(%)L,/t, when 
A(no) is the angular selectivity coefficient. The half-
power full angular width as measured from outside Mt 
crystal is thus 
AO= A(n o)n(X, P)L / t rad, 
where n(X, P) is the appropriate index of refraction fos 
the probing beam wavelength and polarization. The 
angular selectivity coefficient, A(71 0), as determined b), 
the coupled-wave theory is evaluated in Fig. 3. 5 As tht 
change in index of refraction varies from zero (un-
written condition) to (A cosq5 B ,.88g)/2t this factor changes 
from 0.886 to 0.799. This initial range of An values in 
cludes the relatively low diffraction efficiencies which 
correspond to practical holographic storage of informa 
tion. For An beyond (A cos0 B ,..„)/2t, the angular selec 
tivity coefficient decreases rapidly as shown in Fig. 3. 
Thus the angular corridor for reading narrows con-
siderably with further exposure. Simultaneously, the 
diffraction efficiency increases at larger angular devia 
tions from the Bragg angle as shown in Fig. 4. As the 
change in index of refraction, An, increases, these 
side lobe positions increase in diffraction efficiency and 
decrease their angular separation, AO, from the exact 
Bragg angle. These side lobes coalesce at the Bragg 
angle (AO = 0) when An increases to 1. 5(X cos0 Brag ),1 
at which time the next set of side lobes are increasing 
in diffraction efficiency and moving toward the Bragg 
angle. Obviously for An greater than about 
0.75(A cosOuragg)/t  the conventional notion of angular 
selectivity becomes ambiguous due to the presence of 
these side lobes. 
Equation (1) assumes small angles of incidence. For 
the geometry of the experiments reported here, only a 
0.24% error is introduced into this equation by the 
small-angle approximation. The more nearly exact ex-
pression for the half-power full angular width for read-
ing for any angle of incidence is 
sin- qn(X, P) sin[(0 Brigg ) i +1(A(P)ill 




FIG. 4. Predicted variation of diffraction 
efficiency (11) with change in index of refraction 
(An) and angular deviation (Ay-5) from the exact 
Bragg angle. 
10 
J. Appl. Phys., Vol. 44, No. 10, October 1973 
4773 	Communications 	 4773 
%k Here the angle of refraction (4) Bragg ) i =- 	1/n(X, P)] 
.="1-11C‘Braggl• The HeNe probing beam (3 = 6328 A) was 
•, _arized perpendicular to the c axis of the crystal 
•clinary ray) and thus n(X, Pl = 2.288 for LiNbO 3 . For 
- 1-mm-thick iron-doped LiNbO 3 sample, the mea- 
s , , red half-power full angular width from Fig. 2 is seen 
tr., be 0.461 ± 0.004' . For the conditions of this experi-
ment (6 Bragg 4.4', X= 5300 A, and 7)0 = 2. 0x10-3 ) the 
calculated value from (2) is 0.402' . For the 5-mm-
thick nominally pure LiNbO 3 crystal, the half-power 
angular width was measured to be 0.080' ± 0. 004° as 
compared to the calculated value from (2) for that ex-
periment (c, Brug = 4.35', X= 5145 A, and '0 0 = 1. lx10-4) 
of 0.0789' . The deviations between the theoretical and 
experimental values were 14 and 1. 6%. respectively. 
The agreement between theoretical and experimental 
values may be taken as an indication that the presence of 
divergence in the writing beams (writing beam diver-
gence = 0.143 c for the 5300-A beams and 0.035° for the 
5145-A beams) does not have an appreciable effect on the 
resultant angular selectivity for reading. The presence 
o! optical absorption has previously been shown to have 
very little effect on the angular selectivity of dielectric 
transmission holograms. 2 
In summary, the angular selectivity for the recon-
struction of LiNbO 3 volume holograms has been mea-
sured and found to be in agreement with theoretical 
predictions. This information is of particular interest 
for high-capacity information storage applications since 
it indicates (1) a practical limit on the angular packing 
density of multiple holograms stored at a single location 
and (2) the required beam positioning accuracy to per-
form the process of reading. 
'Work supported by the National Science Foundation. 
'F. S. Chen, J. T. LaMacchia, and D. B. Fraser, Appl. Phys. Lett. 
13, 223 (1968). 
2 H. Kogelnik, Bell Syst. Tech. J. 48, 2909 (1969). 
3J. J. Amodei, W. Phillips, and D. L. Staebler, Appl. Opt. 11, 390 
(1972). 
Ishida, 0. Mikami, S. Miyazawa, and M. Sumi, Appl. Phys. Lett. 
21, 192 (1972). 
5The angular selectivity expression [Eq. (I)] has previously appeared in 
the literature without the index of refraction factor (Refs. 1 and 6) 
and without the A (77 (,) factor (Refs. 1 and 7). 
6T. K. Gaylord, T. A. Rabson, and F. K. Tittel, Appl. Phys. Lett. 
20, 47 (1972). 
7R. L. Townsend and J. T. LaMacchia, J. Appl. Phys. 41, 5188 (1970). 
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IV. SURFACE INTERFERENCE EFFECTS 
Many analyses of hologram reconstruction do not account for boundary 
(surface) reflections. The diffraction efficiency results may be corrected 
to include boundary reflections by multiplying by a transmittance factor. 
This factor, T, is developed by us in Ref. 5, a copy of which is included 
in this report. This factor is the same as the transmittance factor derived 
by Kogelnik and given as Eq. (8) in Ref. 6, but with vd in that equation 
replaced by the argument of the sine function in Eq. (27) in our paper [5]. 
From these results, we find that boundary reflections produced by the 
surfaces can considerably change the diffraction efficiency. The change 
can be an increase or a decrease depending on whether the transmittance 
factor is greater or less than unity. This effect has been studied by 
Cohen and Gordon [7]. For the grating parameters used here, T is typically 
in the range 0.70 to 1.20. In practice, the boundary reflections can be 
eliminated by antireflection coatings on the surfaces of the gratings. 
Calculated results showing the thickness dependence of T for lithium 
niobate are shown in Fig. 4. The effect of T as a function of reading 
angle is shown in Fig. 5. 
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FIGURE 4. TRANSMITTANCE FACTOR, T, AS A FUNCTION OF CRYSTAL THICKNESS. 
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FIGURE 5. EFFECT OF THE TRANSMITTANCE FACTOR ON ANGULAR SELECTIVITY. 
V. BEAM DIVERGENCE EFFECTS 
The effect of writing beam divergence was studied. First, a hologram 
was written with a frequency doubled Nd:YAG laser (x = 530nm) with a beam 
divergence of 0.143 ° . Second, a hologram was written with an argon laser 
(x = 514.5nm) with a beam divergence of 0.035 ° . The angular selectivities 
of these holograms were then measured with a He-Ne laser. The half-power 
angular width in both cases was found to be within 10% of the theoretical 
value derived in our paper [4]. Thus, it was concluded that writing beam 
divergence has little effect on the final read-out process. 
15 
VI. RECORDING SENSITIVITY 
Recording materials must possess a number of important characteristics 
to achieve the high storage capacities that have been predicted for optical 
memories. These requirements on the optical recording material include: 
1. High sensitivity--It is desirable that only a small amount of optical 
energy per unit area be needed to record the hologram of a data page. Table 
3 in Ref. 8 (reproduced later in this report) lists the necessary writing 
energy densities for a number of recording materials. For a practical system 
an energy density of about 0.1millijoule/cm
2 or less will be needed. 2. Large 
diffraction efficiency--Diffraction efficiency is the fraction of the reading 
light (reference beam) that is diffracted into the reconstructed data beam. 
It must be possible to record a single hologram with a large diffraction 
efficiency, so that in practice many holograms may be recorded at a single 
location, each with an equal share of the total maximum diffraction efficiency. 
Therefore, it is desirable to have the maximum diffraction efficiency as 
close to 100% as possible. 3. Erasable and rewritable--For a rapid cycle 
read-write-erase memory system, it must be possible to continuously alter 
the stored data in the memory without encountering any degradation in the 
material characteristics. 4. Long lifetime of stored information--Stored 
data should persist for long periods of time before having to be refreshed. 
Ideally, storage should be permanent. 5. Non-volatile storage--Data should 
remain recorded in the memory in the absence of system power. 6. Nondestruc-
tive readout-It should be possible to perform an essentially unlimited 
number of read operations without degrading or altering the stored data. 
7. Three dimensional storage--To achieve very high capacity storage, the 
information should be stored in thick (volume) holograms. Together with the 
requirement of high diffraction efficiency, this means that the hologram 
16 
should be a thick phase (nonabsorbing) hologram. 8. High resolution--
The storage material obviously must be capable of recording the very fine 
(wavelength size) variations of the interference pattern produced by the 
intersection of the object and reference beams. 
Considering all of the above material requirements, the photorefractive 
materials (optically induced changes in index of refraction) appear to be 
especially promising. These materials, often ferroelectric crystals such 
as lithium niobate and strontium barium niobate (SBN), have been consider-
ably developed and improved. For example, in the first use of lithium 
niobate as a recording material in 1968 a writing energy density of approxi-
mately 100 joules/cm
2 
was required 79]. Less than six years later, doped 
versions of lithium niobate have now been shown in this work to exhibit 
writing energy densities of 2 millijoules/cm
2 ! We have announced this im-
provement in sensitivity of almost 5 orders of magnitude in Applied Physics  
Letters [10]. This article is reproduced here for completeness. Fig. 6 
depicts this recent jump in sensitivity with respect to other potential 
recording materials. In addition, recent work by von der Linde et al. [11] 
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Volume holographic recording and storage in Fe-doped 
LiNbO3 using optical pulses* 
Pradeep Shah, T. A. Robson, and F. K. Tittel 
Department of Electrical Engineering, Rice University, Houston, Texas 77001 
T. K. Gaylord 
School of Electrical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received 4 June 1973) 
Volume holographic recording and storage in Fe-doped LiNbO 3 using single 30-75-nsec duration 
optical pulses at 694.3 and 531 nm from Q-switched ruby and frequency-doubled Nd:glass lasers, 
respectively, is reported. The recording sensitivity for a pulsed writing source is found to be better 
than that estimated for a cw source. A sensitivity of 2 mJ/cm 2 at 476 nm and 2.5 mJ/cm 2 at 488 
nm to record a hologram of 1% diffraction efficiency is the best sensitivity figure yet reported. The 
orders of magnitude of improvement in sensitivity is attributed to higher fractional concentration of Fe 2 +. 
Ferroelectric materials have recently become the 
subject of considerable interest on account of their 
potential use in optical storage and information process-
ing. Such a ferroelectric storage medium must meet 
certain system requirements, which include high bit 
density storage capability, high sensitivity and speeds 
of recording, and high readout efficiency. In this work 
we discuss two of these parameters, speed and sensi-
tivity of iron-doped LiNbO 3, which make it a most in-
teresting storage medium in addition to strontium 
barium niobate (SBN). The results of the experiments 
conducted demonstrate the feasibility of volume holo- 
graphic recording, storage, and retrieval of information 
by means of single optical pulses of nanosecond dura-
tion using the photoinduced index of refraction changes 
in lithium niobate. Here we report the best recording 
sensitivities yet published—an order-of-magnitude im -
provement over recent reported sensitivities of SBN 1 
 and almost two-orders-of-magnitude improvement in 
Fe-doped LiNb0 3 . 2 These sensitivities are for the ex-
periment conducted without any external electric field 
across the crystal. Further improvements in sensitiv -
ity are expected with external bias fields. Further-
more, our experiments indicate that the charge genera-
tion and transport processes occur with time constants 
considerably faster than 10 -8 sec since no difficulty in 
recording and reconstructing was experienced using 
pulses from Q-switched lasers. The recording sensitiv-
ity for a pulsed source is slightly better than that esti-• 
mated for a cw source. 
Volume holograms in the form of interference fringes 
of two plane waves were recorded in two iron-doped 
LiNbO 3 crystals. Both these crystals were cut from the 
same boule grown by Crystal Technology, Inc. and con-
tained 0.05 mole% concentration of iron. One of these 
crystals was annealed in pure oxygen atmosphere at 
700 ° C to increase the transmission in the shorter-
wavelength region of the visible spectrum. The absorp-
tion spectra of both these crystals (1 mm thick) are 
shown in Fig. 1. In the same figure an absorption 
spectrum corrected for comparable crystal thickness 
from previously reported data 2 is plotted. The writing 
sources included single pulses from a Q-switched fre-
quency-doubled Nd: glass laser capable of an output of 
0. 005 J at 531 nm with pulse duration of - 75 nsec, a 
ruby laser with 0. 05 J energy at 694.3 nm with pulse 
duration of 30 nsec, and in addition a continuous wave 
argon laser using output at 476.5, 488, 496. 5, and 
514.5 nm and a He-Ne laser (632.8 nm). All these 	19 
sources were made to operate in a single transverse 
mode. The recording of the hologram and the recon-
struction was accomplished using an experimental set-
up shown in schematic form in Fig. 2. The recording 
beam is split into a reference and an object beam of ap-
proximately equal intensity using a beam splitter and is 
lightly focused using a 125-cm-focal-length lens. These 
beams intersect in the storage medium at an angle of 
12 ° . The writing beams are polarized perpendicular to 
the c axis of the crystal and the plane of the writing 
beams. The diffraction efficiency and the writing curve 
are measured using the reference beam with the object 
beam shuttered intermittently during the recording 
process and also by a He-Ne laser polarized parallel to 
the c axis of the LiNbO 3 crystal. The diffraction effi-
ciency in the pulsed mode is measured by simultaneous-
ly monitoring the transmitted and diffracted reference 
beams. Optimum reconstruction is observed when the 
reading beam is polarized parallel to the c axis which 
is in agreement with the previously reported observa -
tions. 3 The recording sensitivity defined in terms of 
the total required exposure in J/cm 2 to construct a 
hologram with 1% diffraction efficiency' is plotted in 
Fig. 3 for various recording wavelengths available from 
the various pulsed and cw sources for both untreated 
and annealed crystals. The results and conclusions 
obtained from the experimental data are as follows: 
(i) Volume holographic information recording, stor- 
WAVELENGTH X, nm 
FIG. 1. Absorption spectra of 0, 05 mole% iron-doped LiNbO3 
 for (1) 1-mm-thick unannealed crystal and (2) 1-mm-thick an-
nealed crystal. Curve (3) shows previously reported RCA spec-
tral data corrected to a 1-mm-thick crystal for comparison. 
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beam 
splitter 
131 	Shah et al.: Holographic recording using optical pulses 	 131 
writing beam 
from cw or pulsed 
laser source 
FIG. 2. Experimental arrangement for volume holographic 
storage. The writing beams used were from a cw argon laser 
(476. 5, 488, 496. 5, 514.5 nm), He-Ne laser (632.8 nm), and 
from a Q-switched frequency-doubled Nd:glass and ruby laser 
at 531 and 694.3 nm, respectively. 
age, and retrieval has been accomplished in photore-
fractive crystals such as LiNb0 3 in times of 30 nsec, 
only limited by the duration of the optical source. 
(ii) The recording sensitivities obtained for a pulsed 
writing source are slightly higher than the values esti-• 
mated from sensitivity as a function of wavelength using 
cw sources at the other wavelengths. 
(iii) The 1-mm-thick 0. 05 mole% iron-doped LiNb03 
 crystal (not annealed) with a significant absorption band 
near the band edge had a recording sensitivity of 2.0 
mJ/cm2/ckf7 at 476 nm and 2.5 mJ/cm2 /%il at 488 nm. 
These figures show that the crystal is at least 4 times 
more sensitive than the most sensitive strontium barium 
niobate crystal' and 60 times more sensitive than the 
previously reported most sensitive Fe-doped LiNb0 3 . 2 
 In fact these sensitivities are even more significant if 
one considers the smaller interaction lengths of the 
crystal used in our experiments. 
(iv) The storage with 10-8 -sec duration pulses indi-
cates that the over-all time constant of recording pro-
cess contributed by photoionization charge transport 
and retrapping is much shorter than the pulse duration 
times. Shorter pulses—such as picosecond duration—
must be used to try to determine the dynamic response 
characteristics and ultimate speed limitations on the 
recording process. 
(v) Increased sensitivity of the medium at longer 
wavelengths 632.8 nm and even at 694.3 nm is of con-
siderable practical value since such storage material 
can be used with inexpensive low-power optical sources 
such as He-Ne lasers. 
(vi) Comparison of the recording sensitivities and the 
absorption spectra of the two crystals cut from the same 
boule and heat treated after the growth conclusively 
indicates that the absorbing Fe 4 impurities play an 
important role in the recording sensitivity of the 
medium. The improvement in sensitivity for the unan-
nealed crystal is by a factor of 100 over that of the 
annealed crystal characterized by the lower absorption. 
The unannealed crystal is also considerably more sen-
sitive than the previously reported iron-doped LiNb0 3 
 of comparable doping concentration.2 The improve-
ment over the annealed crystal and the other reported 
WAVELENGTH X, nm 
FIG. 3. Recording sensitivity measured in terms of energy 
required to write holograms capable of diffracting 1% of trans-
mitted beam at 632.8 nm as a function of recording wavelength 
plotted for 0. 05 mole% Fe-doped crystals; curve (1), 1-mm-
thick unannealed and curve (2), 1-mm-thick but annealed. The 
required recording exposure (open triangles) for pulsed writing 
source is also plotted for these crystals. 
results is significantly more than can be explained by 
only the increased absorption at writing wavelengths. 
Other processes in addition to photoionization, such as 
charge transport and retrapping, must play an addition-
al role in determining the sensitivity. It is hypothesized 
that in addition to the above-mentioned effect the photo-
excited carriers must be retrapped selectively to pro-
duce a space charge. This indicates that in addition to 
the absolute concentration of Fe 4 ions, the concentra-
tion of Fe 4 accepter ions and the relative concentration 
of the two ions must play a significant role in the im-
provement of the sensitivity. This point is also support-
ed by the fact that the sensitivity data in Fig. 3. show 
that the ratio of the sensitivities of the two crystals 
seems relatively constant over the range of the studies. 
*Work supported by the National Aeronautics and Space 
Administration. 
1 J. B. Thaxter and M. Kestigian, OSA Topical meeting on 
Optical Storage of Digital Data, Aspen, Colorado 
(unpublished). 
2 W. Phillips, J. J. Amodel, and D. L. Stabler, RCA Rev. 33, 
94 (1972). 
3 F.S. Chen, J. T. La Macchia, and D. B. Frazer, Appl. Phys, 
Lett. 13, 223 (1968). 
4The diffraction efficiency 77 is defined in terms of a fraction 
of transmitted light that is diffracted reconstructing the orig-
inal information and is a function of interaction length L, 
change in index of refraction An, reading wavelength A, and 
angle of incidence 0. All the diffraction efficiencies are 
either measured or corrected for a reading beam of wave-
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VII. SCATTERED LIGHT EFFECTS 
Scattered light during hologram reconstruction has been recognized as 
a problem for high capacity storage in lithium niobate 1- 121. 
We have reported [131 the presence of cones of diffracted light upon 
illumination of previously laser-exposed crystals of lithium niobate. These 
diffraction cones are shown to result, from the internally recorded inter-
ference pattern (hologram) resulting from the interference of the original 
incident laser beam with light scattered from material inhomogeneities. 
Diffraction cones are observed in iron-doped lithium niobate crystals that 
were exposed to a single laser beam and in crystals that were exposed to 
two superposed laser beams (i.e., during conventional holographic recording). 
In the two beam case, the diffraction cones are present in addition to the 
first order diffracted beam when the conventional two beam thick hologram 
is reconstructed. The diffracted cones produce the impression of scattered 
light during hologram reconstruction, an effect that has previously been 
reported in transition metal doped lithium niobate [12]. 
The diffraction cones, which have their apex in the exposed region of 
the crystal, are observed as rings (referred to as "scattering" rings, or 
diffraction rings) when a screen or a piece of film intersects the cone of 
light. Figure 1 in Reference 13 shows two typical diffraction ring patterns. 
For the single beam case, the observed results in lithium niobate are effec-
tively the same as the experimental observations of Moran and Kaminow F141 
for polymethyl methacrylate (PMMA), which had been exposed to ultraviolet 
laser light. 
The presence of diffracted cones of light represents a possible limi-
tation of heavily iron doped lithium niobate for data storage applications 
21 
because optical power is lost into the scattering induced diffraction cones 
that could otherwise be used to increase the diffraction efficiency and thus 
the total bit capacity of the two beam grating hologram. However, it has 
already been shown by Phillips, Amodei, and Staebler 1121 that the "scattered" 
light may be erased 1) by illumination with uniform incoherent light or 2) by 
writing additional superposed holograms at new angles. In the latter case, 
"scattered" light from the previous holograms tends to be erased. 
Our Ref. 13 is reproduced here for completeness. 
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Reprinted from APPLIED OPTICS, Vol. 13, page 1545, July 1974 
Copyright 1974 by the Optical Society of America and reprinted by permission of the copyright owner 
Laser Scattering Induced Holograms in Lithium 
Niobate 
R. Magnusson and T. K. Gaylord 
School of Electrical Engineering, Georgia Institute of 
Technology, Atlanta, Georgia 30332. 
Received 6 March 1974. 
The presence of cones of diffracted light on illumination 
of previously laser-exposed crystals of lithium niobate is 
reported here. These diffraction cones are shown to result 
from the internally recorded interference pattern (holo-
gram) resulting from the interference of the original inci-
dent laser beam with light scattered from material inho-
mogeneities. Diffraction cones are observed in iron-doped 
lithium niobate crystals that were exposed to a single 
laser beam and in crystals that were exposed to two su-
perposed laser beams (i.e., during conventional holograph-
ic recording). In the two-beam case, the diffraction cones 
are present in addition to the first order diffracted beam 
when the conventional two-beam thick hologram is recon-
structed. The diffraction cones produce the impression of 
. scattered light during hologram reconstruction, an effect 
that has previously been reported in transition metal-
doped lithium niobatel and photopolymers. 2 
The diffraction cones, which have their apex in the ex- 
July 1974 / Vol. 13, No. 7 / APPLIED OPTICS 	1545 
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X w — WRITING WAVELENGTH 
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WAVELENGTH 
— CENTERS OF RESPECTIVE SPHERES 
CONJUGATE IMAGE A Ks LOCI 
(a) 
Fig. 1. Typical observed diffraction rings from a lithium niobate 
crystal in which a plane holographic grating has been recorded. 
The original writing beams had a wavelength 1 ■ ,., = 515 nm, and 
the subsequent probing beam for the above photographs was A, = 
633 nm and had an angle of incidence in (a) of a = 0°, resulting 
in cone angles of cl)i = 5.7° and 4)2 = —5.7°, and an angle of inci- 
dence in (b) of a = 4.5°, resulting in a cone angle 4 ,1 = 10.6°. 
Note in (b) the first order diffracted beam just to the left of the 
diffraction ring. 
(b) 
Fig. 2. Ewald sphere construction used 
in deriving the relationship between the 
diffraction cone angles, 4', and the angle 
of incidence, a. 
posed region of the crystal, are observed as rings (referred 
to as scattering rings, or diffraction rings) when a screen 
or a piece of film intersects the cone of light. Figure 1 
shows two typical diffraction ring patterns. For the sin-
gle-beam case, the observed results in lithium niobate are 
effectively the same as the experimental observations of 
Moran and Kaminow 3 for polymethyl methacrylate 
(PMMA), which had been exposed to ultraviolet laser 
light. The cones of diffracted light for this case of a sin-
gle original exposing beam have been explained by For-
shaw2 . 4 using the Ewald sphere construction from diffrac-
tion theory (see, e.g., Ref. 5). This method is extended 
here to describe the diffraction cones that result when 
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there are two intersecting exposing beams as in conven-
tional holographic recording. 
The Bragg diffraction condition ,EKG = 	— K, where 
K' and K are the diffracted and incident beam wave vec-
tors, respectively, and KG is the fundamental holograph-
ic grating vector, predicts the direction of the well-defined 
first order diffracted beam. Another diffraction pattern is 
also produced that is described by AK, = K, — K,, where 
Ks is any one of the wave vectors of the scattered wavelets 
of the original writing beam, and K t is the wavevector of 
the original incident writing beam. The scattered light 
within the crystal interferes with the original beam, and 
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Fig. 3. Comparison of theoreti-
cal and experimental results for a 
LiNbO3 crystal originally ex-
posed to two intersecting laser 
beams of Au, = 515 nm having 
angles of incidence equal to 
+5° and —5° and subsequently 
probed with a single low power 
laser beam of X, = 488 nm, 515 
nm, and 633 nm. The theoreti-
cal curves are the same as those 
in Fig. 4, the patterns having 
been displaced by An' = ±5°. 
same manner as the basic holographic grating is recorded 
in the crystal. Figure 2 illustrates the Ewald sphere con-
struction necessary to analyze the diffraction cones that 
result for the case of two intersecting exposing beams. 
The surfaces A and B are the primary image loci for the 
AK s pattern, and the surfaces C and D are the correspond-
ing conjugate image loci. That is, the vectors +AK., and 
—AK,„ if originating at the intersection of the original 
writing beams, terminate on the primary and conjugate 
spheres, respectively. All of these spheres have radii 
1/X,, where X,, is the writing wavelength. The surface E 
is the reconstructing sphere with radius 1/X, where X, is 
the reading wavelength. K1', K2', and K4 ' are the recon-
struction wave vectors, and el)t, 4'2, and are the corre-
sponding diffraction cone angles. The intersection of the 
surface E with each of the other spheres describes a circle. 
July 1974 / Vol 13, No. 7 / APPLIED OPTICS 	1547 
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Fig. 4. Comparison of theoretical and experimental results for a 
LiNbO3 crystal originally exposed to a single laser beam of X L, = 
515 nm at normal incidence and subsequently probed with a laser 
beam of X, = 488 nm, 515 nm, and 633 nm. 
Wave vectors drawn from the center of E to these intersec-
tion circles represent the diffraction cones. By trigonom-
etry it can be shown that 
0,4)2 = 2tanl[sin(a — 0 2,0 1 )]/[cos(a — 0 2,0 1 ) 
+ X„,/X,11, (1) 
034)4 = 2tanil[sin(a — 02,01)]/Ecos(a — 192,01) 
— X„ /XJ1, (2) 
where 43 1 and 43 3 are the diffraction cone angles associated 
with the original writing beam that was at angle 0 2. 
Likewise, +2 and 4'4 are associated with the writing 
beam that was at 0 1 . Angle F3  is not shown in Fig. 2 be-
cause the intersection to which it corresponds (of recon-
structing sphere E and primary sphere A) is not pictured. 
The diffraction cone angles, F5  and 41,6, for the normal in-
cidence single writing beam case are obtained by setting 
9 1 and 02 equal to zero in the above equations. 
= 	I 	= 0214,-0 
= 2 tan' [(sina)/(cosa + X„./X,.)], (3) 
= 031o2-o = 041e,-o 
= 2 tan' [(sina)/(cosa — X„./X,.)]. (4) 
These equations can be shown to be mathematically iden-
tical to Eqs. (3) and (4) in Ref. 2 on appropriate redefini-
tion of angles. 
Equations (1) and (2) are plotted in Fig. 3 as functions 
of the angle of incidence, a, for 0 1 = +5°, 02 = —5°, X. 
= 515 nm, and X, = 488 nm, 515 nm, and 633 nm. Ex-
perimentally measured values of the cone angle F are also 
plotted in Fig. 3. These are found to be in agreement 
with the theoretical predictions. It is seen from Fig. 3 
that two rings are visible at all times. These represent 
the diffraction cones (of angles 43 1 and 432) generated. by 
the intersection of the reconstructing surface with the  
conjugate writing surfaces. The angles 43 3 and 4, 4 are 
found to be very sensitive to changes in a. Consequently, 
the corresponding rings are seen only for a very narrow 
angular range about a = 01, 02 at our experimental wave-
lengths. This may also be seen from Fig. 2. (Imagine a 
varies and observe 43 4 .) 
Equations (3) and (4) for the single exposing beam case 
at normal incidence (01 = 0 or 02 = 0) are plotted as 
functions of the angle of incidence, a, in Fig. 4 for X. = 
515 nm and X, = 488 nm, 515 nm, and 633 nm. Experi-
mental data for the diffraction cone angle 43 are also in-
cluded in Fig. 4. The data are seen to conform very 
closely to the theoretically predicted values. 
The material used in these experiments was a 3.0-mm 
thick poled single crystal of lithium niobate doped with 
0.1 mole% iron (in the melt). This heavily doped mate-
rial, which was initially reddish, was oxygen annealed to 
make it transparent (presumably changing Fe 2 + to Fe3 +). 
Laser scattering induced holograms were written with a 
single beam and with two intersecting beams of an argon 
ion laser operating at X. = 515 nm. Writing exposures to 
produce a readily observable diffraction cone pattern were 
typically 1 J. In the intersecting beam case the plane-
wave grating holograms produced had a diffraction effi-
ciency of approximately 20%. 
The presence of diffracted cones of light represents a 
possible limitation of heavily iron-doped lithium niobate 
for data storage applications because optical power is lost 
into the scattering induced diffraction cones that could 
otherwise be used to increase the diffraction efficiency 
and thus the total bit capacity of the two-beam grating 
hologram. However, it has already been shown by Phil-
lips, Amodei, and Staeblerl that the scattered light may 
be erased (1) by illumination with uniform incoherent 
light or (2) by writing additional superposed holograms at 
new angles. In the latter case, scattered light from the 
previous holograms tends to be erased. 
In addition, the reconstruction' of laser scattering in-
duced holograms in a material is potentially useful as a 
diagnostic tool to determine the nature of the scattering 
centers in the material. The above analysis has shown 
the geometrical relationships that exist for the diffraction 
cones. An analysis of the distribution of diffracted light 
within these cones is expected to yield detailed informa-
tion about the scatterers. 
This work was supported by the National Science Foun-
dation and by the National Aeronautics and Space Ad-
ministration. 
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VIII. MULTIPLE HOLOGRAM STORAGE 
In the last four sections, problems associated with multiple hologram 
storage have been discussed. The experimental results presented have been 
obtained using the basic experimental configuration shown in Fig. 1. Basic 
diagnostic experiments were performed by storing both single holograms and 
by storing multiple holograms [15] at a single location. The theoretical 





bit per square area one wavelength on a side) whereas in three dimensional 




(one bit per cube volume wavelength on a side) F161. Obviously for truly 
high capacity storage, thick holograms (such as in optical crystals) need to 
be used instead of thin holograms (such as in photographic emulsions or 
metal films). Holographic memory systems have been described that utilize 
three-dimensional storage [17]. These systems superpose many holograms at 
a single location inside the thick recording medium by using a different 
reference beam angle for each hologram. 	The superposition of multiple 
holograms at a single volume location introduces the additional problem of 
writing new holograms in that volume without affecting those already there. 
When lithium niobate is used as the three dimensional storage material, this 
problem may be solved by the application of an external electric field [18], 
[19]. This greatly increases the sensitivity for writing while the sensi-
tivity for erasure remains unchanged at a much lower value. Thus, as a new 
hologram is written, the other holograms at that location are only slightly 
erased. Work is presently underway in our laboratory to duplicate these 
electric field effects. 
27 
IX. RECORDED HOLOGRAM ANALYSIS 
A method for analyzing the diffraction efficiency of thick, lossless 
transmission holograms in lithium niobate was developed. In lithium niobate 
and similar ferroelectrics, the literature assumes the induced changes in 
index of refraction are sinusoidal in nature, like the two beam plane wave 
interference pattern. The diffraction efficiency can be predicted for the 
sinusoidal case [3]. In actual fact, the index of refraction variation is 
probably not sinusoidal due to the obviously nonlinear writing characteristic 
(diffraction efficiency versus exposure), which is experimentally observed. 
We have developed [5] a method for calculating arbitrary-order diffrac-
tion efficiencies of thick, lossless transmission gratings with arbitrary 
periodic grating shapes. For illustration, numerical values of the dif-
fraction efficiencies at the first three Bragg angles were calculated for 
sinusoidal, square wave, triangular, and sawtooth gratings. The complete 
details of this method are expounded in Ref. 5, which is duplicated in this 
report. Also a comparison of our method to an extension of the Burckhardt 
matrix method [20] is presented in Fig. 7. Our method was determined to be 
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FIGURE 7. COMPARISON OF COUPLED-WAVE AND MATRIX THEORIES. The plot actually consists 
of two curves, but the difference is not discernible. 
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Calculation of arbitrary-order diffraction efficiencies of thick gratings with arbitrary 
grating shape* 
S. F. Su and T. K. Gaylord 
School of Electrical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received 18 July 1974) 
A method for calculating arbitrary-order diffraction efficiencies of thick, lossless transmission gratings 
with arbitrary periodic grating shapes has been developed. This represents an extension of previous 
work to nonsinusoidal gratings and to higher-order Bragg angles. A Fourier-series representation of 
the grating is employed, along with a coupled-mode theory of diffraction. For illustration, numerical 
values of the diffraction efficiencies at the first three Bragg angles are calculated for sinusoidal, 
square-wave, triangular, and saw-tooth gratings. Numerical results for the same grating shapes with 
the same parameters are also calculated for comparison, by extending Burckhardt's numerical method 
for analyzing thick sinusoidal gratings. The comparison shows that the coupled-mode theory provides 
results with relative computational ease and results that are in agreement with calculations obtained 
by extending the more-rigorous Burckhardt theory to nonsinusoidal grating shapes and to 
higher-order Bragg angles. 
Index Headings: Gratings; Diffraction. 
It is well known that thick dielectric diffraction gratings 
differ from thin gratings in a number of important ways. 
Among these are the capability of high diffraction ef- 
ficiency, I wavelength selectivity,' angular selectivity,' 
and reduced noise. 2 These give rise to the use of thick 
gratings as highly efficient diffraction gratings, narrow-
band spectral filters, 3 thick-grating optical components, 
such as lenses, 4 and imaging systems capable of spec-
tral resolution of extended objects. 2 In the field of in-
tegrated optics, thick gratings may be used as diffrac-
tion gratings for surface guiding of waves, 5 for thin-film 
distributed-feedback lasers, a for frequency-selective 
grating reflectors in thin-film lasers,' for grating cou-
plers for launching single-mode light waves into thin-
film waveguides," and for electro-optic grating de-
flectors and modulators. 12 
In addition, thick (volume) holograms may be regarded 
as recordings of an infinite number of thick gratings. 
Thick holograms have attracted a great deal of interest 
by their use in high-capacity information stora, 
color holography, 12 and in white-light reconstruction of 
holograms . 13 
The diffraction of a plane wave by a thick sinusoidal 
grating at or near Bragg incidence has been considered 
by Burckhardt 14 and by Kogelnik. 1 Burckhardt has 
treated this case by solving the exact electromagnetic 
boundary-value problem and has obtained numerical re-
sults with a digital computer to determine the eigen•
values of a matrix and to solve the resulting set of linear 
algebraic equations. Kogelnik has obtained a closed-
form expression for the diffraction efficiency at the 
first-order Bragg angle, by employing a coupled-wave 
theory. Coupled-wave theories also have been used suc-
cessfully in the treatment of light diffraction by acoustic 
waves. 15 ' 15 Recently, Chu and Tamir 17 treated this prob-
lem by using a guided-wave technique. They assumed 
sinusoidal modulation of the relative permittivity by the 
sound wave. Their treatment was based on a rigorous, 
modal approach, utilizing the interrelationships between 
the characteristic-mode and the coupled-mode repre-
sentations. With their method, not only the diffraction  
efficiency at the first order but also that of any higher 
order can be obtained. 
In this paper, Chu and Tamir's approach is extended 
to examine the first- and higher-order diffraction ef-
ficiencies of thick, arbitrary-shape gratings. Because 
of the periodicity of the grating, a Fourier-series repre-
sentation of the grating is employed. The gratings are 
assumed to be lossless. The reflections at surfaces of 
the gratings are at first neglected in the derivation, be-
cause, in practice, these can be eliminated by antire-
flection coatings. When surface and internal reflections 
are present, the results are corrected by a multiplicative 
transmittance factor. 12 For illustration, numerical val-
ues of the diffraction efficiencies at the first three Bragg 
angles are calculated for sinusoidal, square-wave, tri-
angular, and saw-tooth gratings. For comparison, nu-
merical results for the same grating shapes with the 
same parameters are also calculated by extending Burck-
hardt's numerical method. The comparison shows that 
the results from these two methods are in close agree-
ment and that the present method is computationally sim-
pler and more efficient. 
THEORETICAL ANALYSIS 
The model for a thick periodic grating is represented 
by Fig. 1. The x axis is chosen in the plane of incidence 
and parallel to the surfaces of the medium, the z axis is 
perpendicular to the surfaces of the medium, and the y 
axis is perpendicular to the page. For convenience, the 
fringe planes of the grating are assumed to be perpen-
dicular to the surfaces of the medium and to the plane of 
incidence. The grating vector K is, therefore, parallel 
to the x axis. Thus, for lossless periodic gratings, the 
fringes of the grating can be represented by a spatial 
modulation of the relative dielectric constant 
E(x) c(x).--E,.0 +rEch eos(hici,), Es h sin(hKx)], (1) 
Eo 	h. 
where K=.27r/L, L is the period of the grating, c o is the 
average value of E r , and ch and ch are the spatial mod-




S. F. SU AND T. K. GAYLORD 	 Vol. 65 
NO' E0 Er 
FIG. 1. Geometry of a thick grating with unslated fringes. The 
spatial modulation of e is indicated by the line pattern. 
quantities connected with the cosine gratings, the sine 
gratings and the hth-harmonic grating, respectively. 
Corresponding to the distribution of the relative dielec-
tric constant, the distribution of the refractive index of 
the medium is 
n(x) = no + E [n„ cos (hKx) +nsh sin(hKx)1, 	(2) 
/1=1 
where n o is the average refractive index of the medium, 
and no, and nsh are the spatial modulations of n. 
The electric field of the incident wave is assumed to be 
polarized perpendicular to the plane of incidence (IT mode) 
and is of the form exp[j(p o x + 	- co o t)]. The wave , 
 propagation in the grating can be described by the scalar 
wave .equation 
[v2 4 k2 e,.(x)]E( x , z) = 0, 	 • 	 (3) 
where k = 2r /X, x is the free-space wavelength of the in-
cident plane wave, and E(x, z) is the complex amplitude 
of the y component of the electric field, which is inde-
pendent of y. 
Equation (3) has been solved by Burckhardt, 14 using 
separation of variables, an infinite-series solution for 
the x-dependent equation, and a matrix method to solve 
the eigenvalue problem associated with a truncated set 
of the resulting infinite system of equations. This ap-
proach has been used to obtain numerical results for 
sinusoidal gratings. Kaspar 19 has extended Burckhardt's 
method to find the diffraction efficiency for nonsinusoidal 
absorption gratings. He has pointed out that when the 
absorption is strong, the phase-grating contribution to 
the diffraction efficiency is very small. 
Chu and Tamir i7 have shown that the field inside the 
grating can be described in terms of coupled modes if 
the modulations of the relative dielectric constant are 
very small. In general, in addition to the zeroth mode, 
many higher-order modes are excited, because of the 
presence of the grating. For an incident wave (zero-
order mode) of wavelength A, and at an angle 0,3 , the 
fundamental grating will diffract this wave if the Bragg 
condition, mX=2L sint9, 3,, is satisfied or nearly satisfied, 
For this particular wavelength and angle, the harmonic 
gratings may or may not produce diffraction, depending 
on whether or not their corresponding Bragg conditions 
are satisfied or nearly satisfied. These diffracted modes 
of the fundamental and the harmonic gratings propagate 
in the same direction. 
The dimensionless quantities 
q ch =2(L/hX) 2 Ech, 









are called the effective-modulation indices: 7 ' a° Because 
ch and Esh would typically be 10" or smaller, q0, and q „h 
are small even if L is many times as large as X. For 
example, if 0 0 -5 ° and Eci =10", then q ct = 0.0066. When 
q is very small compared to unity, it can be shown 17 ' 21 
that two coupled-wave equations and therefore two modes 
are sufficient to describe the coupling effects when the 
incident angle is equal to or near the Bragg angle. There-
fore, for an incident wave of wavelength X and at an an-
gle 0,, the electric field inside the grating can be written 
as the sum of the fundamental mode and an arbitrary 
mode 
E- (x, z)=- 0 (z)exp(fij ox) +g„,(z)exP(jTIn, x), 	(6) 
where 77 0 and Ti„ are the zeroth-mode and the pith-mode 
(with respect to the fundamental grating) transverse 
wave numbers, respectively. The continuity of the elec-
tric field at z =0 and the Floquet theorem require that 
710 =no =k sine° and 77,n = n„, = t10 - 2mr/L. The tilde will 
henceforth be used to denote the quantities in the dielec-
tric medium when the gratings are present. The integer 
subscript in represents the mth-order diffraction. The 
integer h. represents the hth-harmonic grating. Diffrac-
tion occurs when the hth-harmonic grating satisfies or 
nearly satisfies the Bragg condition m h X=2(L/h)sine o , 
where m h represents the m hth mode (with respect to the 
hth-harmonic grating) excited due to the hth-harmonic 
grating. Exact Bragg conditions occur when m h is equal 
to zn/h, where h divides evenly into m. Near-Bragg 
conditions occur for the wavelength X when (i) the angle , 
 of incidence is near, but not equal to Ou , and/or (ii) 
when the value of in is large, and h divides nearly evenly 
into m, so that m is almost an integer. Thus „,(z) in 
Eq. (6) represents the total amplitude, together with the 
propagation factor in the z direction, of the diffracted 
mode due to all of the gratings that satisfy or nearly 
satisfy the foregoing Bragg condition. At the boundary 
z =d, So propagates at the angle 0„ whereas S„, propa-
gates at an angle O m , which is determined by 
8„,= - 	 = - sin-1 (sine ° - mX/L). 	(7) 
The diffracted modes due to the gratings that are far 
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negligibly small compared with S 0 and Sm . Therefore, 
the interaction between So and S„, can be characterized 
by the coupled-mode equations 22 
(c - -1 2_, 	ch. h +i 	 , ago 	- dz = 0 	 (8) 
( m 
d I 	— 	(Cchmh — 7C shmh)),§0 = 0, (9) 
where .41 and zm  are the longitudinal wave numbers inside 
the medium when the gratings are absent. They are giv-
en by o =k(E,. 0 ) 1 / 2 cosco and 
L =10 Er o — Ik(€7.0 ) 112 since — (22flit/L)] 2}1 /2 , 
where co, the refraction angle in the medium, is given 
by 42 = sin-I [(sin8 o) /(c,. 0 ) 1/2]. The bar notation will hence-
forth be used to denote the quantities inside the medium 
when the gratings are absent. For a given value of the 
integer 171, the subscript h may be any integer that di-
vides evenly or nearly evenly into 111, provided that the 
corresponding hth-harmonic grating exists. The symbol 
nit denotes the summation over all of these possible val-
ues of h. The coupling coefficients in Eqs. (8) and (9) 
are given by 17, 21 
cch-h 	
1 	1 1 	12 1 12  fr(qchy i (gsh)0j112}Mh 
	
X CO S [711,, ta n-1 (E sh Rch)] 
	
( 1 0) 
1 i 	1 	2 , 2 
" 	{[(q 0 2 + ( ,)21' 12}mh cshmh -'.:' -4,, + LV2)(mv 1 ) (rnh — 1)1) G/h) ' 	q 
xsinim„ tan-1 (Esh/Ech)] • 	 (11) 
If the grating does not exist, Com, h =Csh„,h =0, there is no 
coupling between and an gm and therefore no diffraction. 
_J 
Under this condition, only Eq. (8) has physical signifi-
cance. It represents the propagation of the fundamental 
mode (incident wave) inside the medium. 
The solutions of Eqs. (8) and (9) are of the form 
:§0 (z) =A 0 exp(liaz) +Bo exp(14„,z), 	 (12) 
.§m (z) =A h, exp(fioz)+B,,,exp(jZ„,z). 	 (13) 
The wave numbers ZD and Z„, can be found directly by 




where the plus sign corresponds to 4 0 and the minus sign 
to m . The constants A o , B0 , A m , and 13,,, are determined 
by the boundary conditions and 
((Cch,„ h — iCsh.d)A0— (Zo —Ts,)A m =0, 	 (15) 
(Camh —jCsk,„h))B o — (Z. —L)Bm =0, 	(16) 
which are obtained from Eqs. (9), (12), and (13). To 
specify the boundary conditions, the amplitude of the in-
cident wave is assumed to be unity at z =0 so that, from 
Eq. (12), 
S0 (0) =A0 +Bo =1 - 
	 (17) 
Initially, the amplitude of the diffracted wave is zero. 
Therefore, evaluating Eq. (13) at z = 0 gives 
Sm (0) =Am +Bm = O. 	 (18) 
Solving Eqs. (15), (16), (17), and (18) for A o, Bo , A m , and 
Bm gives 
A 0 =1:=12 ( 0 — Tm)± {ff. - Tmr + 4n c`")21- 	Cshm02 1}112 




- 21 	— 	+ 	— 	+ 4R Bo 17: 
(la (20) 4 M, 	 Cshmh)2] } 11) 0 - 	+ 	 + 	 , 
Am =— B m =[(Cchmh)— 	Cahm h)*-a — L) 2 +4n Cchmhr +( 	Cmm h)2 2) (21) 
For the exact Bragg condition, T„, = To and Om =00 . Hence, Eqs. (14), (19), 	(20), and (21) become 
/2 211 
m 	± [( 	cch.„)2 	Cshmh) (22) 
, (23) 
- 	-i[( 	Cchmh 	.42 c 	)]/{[( 	cc, h 	-*slunk C Yr 2 } • (24) 
32 
[E 	 L(mh -1) 	) 
x(2.h -n 
2 fr(evir (Esh)211 / 2rh 
h (2 ) Ma  (mh — 1)! 
)
sin[mh tan-1 ( sh /ech)]1 2 } 	d 	. 	 (29) x 
1/2 
(Erd i r2 cosy, 
DE =sin  sin2[(
(ni,,—  1)! (h)("'h-1 )) 
\, 74[(nch )2 + (nsoaiiii2}^), m 	 L.('"h-1) 
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Thus, the transmitted and the diffracted modes are 
	
m 	 )






g„,(z)=j2A„, exp(jTo z) 
xsin{n Cchmh
1
2+ 	Cshmh)2 11/2 2}, 	
(26) 
where Co.,mh and Csh„, h are given by Eqs. (10) and (11) 
with 	=40 , and Am is given by Eq. (24). Equation (26) 
is the general formula for the mth-diffracted mode due 
to any periodic grating when the incident angle of the 
zeroth ;mode satisfies the Bragg condition mX=2L sine,. 
The diffraction efficiency for the ?nth order of diffraction 
is defined as 
DE,,, —= .5„,(d):(d)/:§0 (0)&*0 (0), 	 (27) 
and thus for exact Bragg conditions 
2 (,Ln, 	2]1/2 
DEm = sin2 {[(E Cchmh) + 2_, C.,,,„, h) 	d}f 
where the asterisk denotes complex conjugate. Upon sub- 
stituting Eqs. (10) and (11), with into Eq. (28) and 
performing some algebraic manipulations, we find that 
sine 	
Lonh-ti 
(27r h ((m h — 1) ! (h) (m h-1) )2 
X  {[(Ech)2 +(„) 2 , i/ri cos[mh tan-I(Esh/Ech)]  
(E.,. 0 )1/2 cosco 
Equation (29) is the general expression for the diffraction 
efficiency at the ,nth-order Bragg angle for a periodic 
grating of arbitrary grating shape. For example, the 
first-, second-, and third-order diffraction efficiencies 
for a grating, whose dielectric constant profile can be 
expressed as a Fourier sine series, are 
DE, = sin2
(2X(E„)1/2coscp)' 
E s ord  
(30) 
DE2 = sin4R— 	
4( 




 + (E 52)2 ) 1 
r /2 	7rd 
and 
L4 (Esi ) 3 	7rd  
DE3 = sin2[(Esa 	16X4 2X(Er0)1/2cow(p ]  • 	(32) 
In Eqs. (30), (31), and (32), only the Fourier grating 
components Esi , es2 , and Es3 are required to evaluate the 
diffraction efficiencies DE 1 , DE2 , and DE3 . Table I gives 
these Fourier components, normalized to the amplitude 
of the fundamental grating e si for gratings having sinu-
soidal, square-wave, triangular, and saw-tooth dielec-
tric constant profiles. Note that the sinusoidal, square-
wave, and triangular grating shapes can each be repre- , 
sented by a Fourier cosine series also. In this case, 
the resultant diffraction-efficiency expressions contain 
only Ec „ Ea . and Ea. If n,,,<<no and n sh <<no , which are 
TABLE I. First three Fourier components for various relative 
dielectric constant profiles (grating shapes). Components are 
normalized to the amplitude of the fundamental grating e s i 
Grating 	Sinusoidal Square-wave Triangular Saw-tooth 
component grating 	grating 	grating 	grating 
E st/Es i 
E 32/E. 2 










1 — z 
A 
true in most cases, 1 it can be shown that e ca =2norich and 
Esh = 2n onsh . Therefore, with (e. 0 ) 1/2 =no , Eq. (29) becomes 
2 
Lc-h-i) 	y (n 	cos[iii, tan-i(nsanchn 	[E .  0 
cos, 	 , ((ma — I)! (h)`'h -15 





The results calculated with Eqs. (30)—(32) do not agree 
with those calculated by use of Burckhardt's matrix 
method. This is because Burckhardt takes the boundary 
reflections into account, whereas they are not included 
in the foregoing derivation. Our results may be cor-
rected to include boundary reflections by multiplying 
the diffraction efficiency by the transmittance factor, 
Tm = (1 —R) 2 [1 +2R cos(2i3d) +R 2 ]/ 
1(1 —R 2)2 +4R2[cos2 (2vm d) +cos2 (20d)] 
— 4R(1 +R 2 ) cos(2vmd) cos(20d)}, 	(34i 
where R = sin2 (0 0 — (p)/sin2 	+(p), = 277 (Ero) 1/2 (cos(P)A,  
and vm  =[(Y,i7Cch,,,,,) 2 + ( 	Csh„, h )2 ] 112 evaluated with 
for exact Bragg conditions. This factor is the same as 
the transmittance factor derived by Kogelnik and given 
as Eq. (8) in Ref. 18, but with vd in that equation re-
placed by the argument of the sine function in Eq. (28) 
of this paper. This allows generalization to higher dif-
fraction orders and nonsinusoidal gratings. 
RESULTS AND DISCUSSION 
The coupled-wave analysis in the preceding section 
was numerically implemented on a uNIVAC 1108 com-
puter and calculations were performed for gratings hav-
ing sinusoidal, square-wave, triangular, and saw-tooth 
distributions of the dielectric constant. Table II gives 
numerical values for the diffraction efficiencies at the 
first-, second-, and third-order Bragg angles for these 
gratings. These results represent DE, ri , DE2 72, and 
DE3 r3 as obtained from Eqs. (30)—(32) and (34) with E" 
=2.3225 (value used in Refs. 14 and 18) and e si =10" 4  E - TO • 
The fundamental spacing of these gratings is L =3.630 
p.m (resulting from recording with two beams of A = 632.8 
nm at 0, =± 5. 0°). For comparison, the results obtained 
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TABLE II. Comparison of diffraction efficiency in percent at the first-, second-, and third-order Bragg angles for 
transmission gratings with boundary reflections and with the same average and fundamental Fourier grating compo-
nents. The grating 'parameters are c o -2.3225 (value used in Refs. 14 and 18), Est  -10 -4 e,o , L :=3.6303 pm, and 










(in 70 with power of 10 in parentheses) 
Square-wave grating 	Triangular grating 
Coupled 	 Coupled 




1 1.64(-3) 1.64(-3) 1.64(-3) 1.64(-3) 1.64(-3) 1.64(-3) 1.64(-3) 1.64(- 3) 
10 2 0.00( -5) 0.00(-5) 0.00(- 5) 0.00(-5) O. 00(- 5) 0.00(-5) 3.87(-4) 3. 87(- l) 
3 0.00(-5) 0.00(-5) 1.14(- 4) 1.14(- 4) 1.26(- 5) 1.25(- 5) 1.14(-4) 1.13(-4) 
1 1.57(- 1) 1.57(-1) 1.57(-1) 1.57(-1) 1.57(-1) 1.57(-1) 1.57(-1) 1.57(- 
100 2 0.15(- 5) 0.13(- 5) 0.15(- 5) 0.14(- 5) 0.15( - 5) 0.13(- 5) 2.53(- 2) 2. 56( - 2) 
3 0. 00(- 0.00(- 5) 1.12( - 2) 1,12 (- 2) 1.25(- 3) 1.23(- 1.12(- 2) 1.12( - 2) 
1 1.21(+1) 1.21(+1) 1.21(+ 1) 1.21(+1) 1.21(+1) 1.21(+1) 1.21( F 1) 1.21(+ 1) 
1000 2 2.53(-4) 2.46(-4) 2.53(-4) 2.46(-4) 2.53(-4) 2.46(-4) 4.23(+0) 4.26( -0) 
3 0.00(-5) 0.00(-5) 1.64(+0) 1.64(+ 0) 1.83(-1) 1.84(-1) 1.64(+0) 1.66(+0) 
method) to nonsinusoidal gratings are also shown in Ta-
ble II. These results were calculated by programming 
Burckhardt's method on a uNivAC 1108 computer and 
using the UNIVAC Math Pack subroutines to solve the 
eigenvalue problem and the set of linear algebraic equa-
tions. Table II shows that the results of these two meth-. 
ods are in close agreement; the deviation between these 
two methods does not exceed 2.8% for diffraction effi-
ciencies larger than 5 x 10
-6
%. Diffraction efficiencies 
smaller than 5x10-6% are less significant physically be-
cause the corresponding low-level diffracted intensities 
are difficult to measure. Diffraction efficiencies of less 
than 5 x10-2% have been listed as zero in Table II. In 
addition to the results in Table II, we have performed 
calculations for other grating thicknesses (15, 50, 1500, 
and 2000 um) and other fundamental grating spacings 
(1.222 and 1.822 p.m). We found that the deviation be-
tween the coupled-wave analysis and the matrix analysis 
does not exceed 6.7% for any case with a diffraction ef-
ficiency larger than 5x10
-6
%n. Typically, the percentage 
deviation is a few tenths of 1%. 
Although Burckhardt's numerical approach is rigorous, 
a number of mathematical problems such as truncation 
of the matrix and discarding of large positive eigenvatues 
must be overcome. A discussion of these is included in 
Ref. 14. In addition, another mathematical difficulty 
associated with the Burckhardt method, encountered in 
the present work, is a singularity that arises in the pro-
cess of solving a set of linear algebraic equations. For 
pure phase gratings, Eq. (9) in Ref. 14 is real and sym-
metric. When the incident wave is at the Bragg angle, 
pairs of equal elements are introduced on the principal 
diagonal of the matrix in that equation. Thus, when the 
modulation amplitude is small, pairs of equal eigenval-
ues are usually induced. This results in a singularity 
in the matrix in Eq. (34) in Ref. 14; therefore, the equa-
tion is nonsolvable. For the parameters in the particu-
lar examples of Ref. 14, this problem does not occur 
because the modulation amplitude is large (0.0035 co). 
However, the modulation amplitude may, in practice, 
be very small (of the order 10 -4 or smaller) and the sin- 
gularity problem must, therefore, be overcome. A way 
to avoid the singularity is by shifting the incident angle 
by a negligible amount away from the Bragg angle. Phys-
ically, because the shift is negligibly small (10-5 degrees 
was used here), the incident wave can still be regarded 
as being incident at the Bragg angle. In the present 
method, a closed-form expression for the diffraction 
efficiency is obtained, and no mathematical difficulties 
arise in the process of calculation. The computer time 
needed in the present method is only about ej of that 
needed with the extended Burckhardt method to perform 
the same calculations. 
From the results, we found that boundary reflections 
produced by the surfaces can considerably change the 
diffraction efficiency. The change can be an increase 
or a decrease, depending on whether the transmittance 
factor is greater or less than unity. This effect has 
been studied by Cohen and Gordon. 23 For the grating 
parameters used here, T is typically in the range 0.70 
to 1.20. In practice, the boundary reflections can be 
eliminated by antireflection coatings on the surfaces of 
the gratings. We also found that the diffraction effi-
ciency of a given higher order is mainly contributed by 
the corresponding higher-order Fourier component of 
the grating. The difference between the diffraction ef- 
ficiencies for sinusoidal and nonsinusoidal gratings (hav-
ing the same average and fundamental grating amplitudes) 
appears only in the higher-order diffractions. The 
higher-order diffraction efficiencies, however, very 
strongly depend on the grating shape. Also, for small 
grating modulations, the diffraction efficiencies at any 
order are very dependent on grating thickness; they in-
crease with increasing thickness. Marcuse 24 has sug-
gested that, for small-amplitude thick nonsinusoidal 
phase gratings, the higher-order diffraction efficiencies 
might be estimated from the relative amplitudes of the 
spatial harmonics, consistent with the assumption of per-
turbation theory that only one Fourier component can 
satisfy the Bragg condition for a given wavelength inci-
dent wave. Our calculations show that this is true ex-
cept when the amplitude of the harmonic grating (h -m) 
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is very small compared to the amplitude of the fundamen-
tal and the lower-order contributing harmonic gratings. 
In this case, the contributions from higher-order dif-
fractions (h < m) are significant. In addition, we found 
that the agreement between the coupled-wave method and 
the matrix method is better when the h = m term is domi-
nant over h < m terms. Rigrod25 has shown that for re-
flection gratings there is no correlation between higher-
order diffraction efficiencies and the corresponding har-
monics of the index profile. The present results show 
that this is not true for transmission gratings. 
The present method can be used to analyze the diffrac-
tion efficiency of any thick periodic grating, regardless 
of the dielectric-constant profile (grating shape). The 
examples analyzed here have had even or odd symmetry. 
However, the method does not require any symmetry to 
exist, InIt only that the grating be periodic. From the 
gratings analyzed, different grating shapes have shown 
different distributions of higher-order diffraction effi-
ciencies. This indicates the possibility that this type of 
analysis might be used in reverse to determine the grat-
ing shapes of thick hologram gratings such as those re-
corded in ferroelectric crystals. 26 Due to nonlinearities 
in these materials a sinusoidal exposure does not neces-
sarily produce a sinusoidal change in index of refraction. 
Depending on which of the possible physical mechanisms 
is operative in a given situation (such as drift of charge 
carriers or diffusion of carriers) different grating shapes 
are generated. 27 
Further, the derivations in the preceding section have 
assumed that the grating medium is lossless, that the 
gratings are unslanted with respect to the grating bound-
aries (grating vector parallel to surfaces of medium), 
and that the incident wave is H mode polarized. If the 
medium is lossy, the results still apply, except that the 
coupling coefficients are complex; therefore, the attenu-
ation factors are implicitly contained in the expressions 
for the transmitted wave and the diffracted wave. The 
method presented here can also be straightforwardly ap-
plied to the analysis of slanted gratings and to E-mode 
polarization of the incident wave. 
CONCLUSIONS 
A simple method of calculating arbitrary-order dif-
fraction efficiencies of thick transmission gratings with 
arbitrary periodic grating shapes has been presented. 
The analysis uses a coupled-mode theory to obtain a 
closed-form expression for the diffraction efficiency of  
an arbitrary order. This method provides results with 
relative computational ease and results that are in close 
agreement with those obtained by extending Burckhardt's 
numerical method. 
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X. SYSTEMS CONSIDERATIONS 
A three-dimensional lithium niobate recording and storage system is 
shown schematically in Fig. 8. The systems aspects of such an optical 
recording scheme were thoroughly reviewed in this study. One of the results 
of this review was the publication of a state-of-the-art review [8]. This 
article is reproduced in this report and is a self-contained review. An-
other result of this review was a change in our experimental reading system. 
An angular accessing system was developed and it is illustrated in Fig. 9. 
This system allows accurate and simple, angular beam positioning without the 
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FIGURE 9. ANGULAR ACCESS SCANNER FOR READING MULTIPLE HOLOGRAM STORED AT A SINGLE LOCATION. 
OPTICAL MEMORIES: 
Filling the storage gap 
by Thomas K. Gaylord 
THAT GAP BETWEEN THE MEMORY 
system needed and existing memories 
has only increased. Already the need for 
large-capacity rapid-access storage 
has raced ahead of existing technology. 
And the need is steadily growing. 
Have your cake ... 
There has been what seems to be an 
inherent tradeoff between memory 
capacity and access time. Rapidly 
developing optical memory technology, 
however, promises to avoid the tradeoff 
and fill the gap. Figure 1 graphically 
represents the state of existing 
memories, and the expected perfor-
mance of optical memories. 
From slow and steady 
The need for mass storage may be 
divided into several categories. Perhaps 
the least demanding of these categories 
is archival storage or record access. In 
this category large amounts of data 
need to be stored in a central memory 
and occasionally accessed. Examples 
include libraries, insurance data, 
medical data, seismic data, criminal 
data, tax information, patent records, 
national defense data, telephone 
numbers, stock market information, 
computer software packages, etc. 
Numerous governmental and private 
organizations currently have magnetic 
tape libraries containing over 200,000 
reels of magnetic tape. Information 
stored in this manner is both expensive 
and very slowly accessible. This 
category of storage primarily requires a 
read-only memory, as changing the 
data occurs infrequently by computer 
standards. 
To a burst of data 
A second category requires high data 
rate recording and temporary storage. 
An example would be high bit rate op-
tical communications systems. In op-
tical communications efficient use of 
turbulent channels will require very high 
capacity, very fast, reusable mass 
storage for recording during temporary 
interruptions of these channels. Another 
example is data recording during a 
space probe fly-by. Here a very large  
amount of data is gathered during a 
brief period of time. If this information 
could be stored, it could later be 
transmitted at a low bit rate to minimize 
transmission errors in the data. 
And replacing the hierarchy 
A third category for high capacity 
storage is in cornputer memories. Pre-
sent day computing systems utilize a 
complex hierarchy of storage devices. 
Some of the more important of these 
memories are magnetic tape, disks, 
drums, cores, and semiconductors. The 
access times and storage capacities of 
these devices are given in Fig. 1. 
Modern computers use a combination 
of the large and slow along with small 
and fast memories in a hierarchical 
structure to realize efficient computing. 
The optical memory, due to its very high 
capacity and fast random access, offers 
the potential of replacing a large portion 
of the existing memory hierarchy. This is 
probably the most obvious application 
of high capacity, rapid access optical 
memories. 
Or changing It 
The development of new computer 
architectures is another area where op-
tical memories will prove useful. This 
represents a new area based largely on 
the multi-port capability of optical 
memories [2] and will be discussed in 
more detail in a later section. 
A long way to go 
Today 	several 	high 	capacity 
memories using nonoptical technology 
are available [3]. These include the 
Ampex Terabit System (TBM) and the 
Grumman Masstape System. These 
memory systems are shown in Fig. 1 to 
have access times of about 10 seconds. 
The maximum storage capacities, for 
these memories are 8.8 X 10" bits for 
the Grumman Masstape and 2.9 X 10' 2 
 bits for the Ampex Terabit System. 
While this amount of storage is certainly 
adequate, the long access times make 
these systems unusable as rapid ran-
dom access memories. 
Down to basics 
Design of an optical memory system 
has received much analysis (see e.g. 
refs. 1, 4-8). Among the fundamental 
design decisions are: 
INFORMATION SHOULD BE 
STORED IN HOLOGRAPHIC FORM 
AS OPPOSED TO DIRECT IMAGE 
STORAGE. In the typical configuration, 
the hologram will be the recording of the 
interference pattern between the Fourier 
transform of the bit pattern and a plane 
wave reference beam. Due to the dis-
tributed nature of the information, the 
storage of data in holographic form 
provides protection from localized loss 
of data due to material imperfections or 
dust. 
INFORMATION SHOULD BE 
STORED IN A PAGE ORGANIZED 
FORMAT AS OPPOSED TO A THREE 
DIMENSIONAL ISOMETRIC VIEW. 
The ability of holography to provide 
three dimensional views of objects is of 
no particular value in mass data storage. 
The reconstructed data will simply be in 
the form of two dimensional pages. 
INFORMATION SHOULD BE 
STORED IN A BINARY CODE AS OP-
POSED TO A PICTORIAL REPRE-
SENTATION. A page of binary data 
would appear as a series of bright and 
dark spots representing the l's and 0's 
of the digital data. Pictoral represen-
tations, such as a printed page, a draw-
ing, a map or a photograph, are also 
usable. However, for very high informa-
tion densities, constraints on the page 
composer and the detector matrix favor 
the use of binary code. 
INFORMATION SHOULD BE 
STORED IN THICK HOLOGRAMS AS 
OPPOSED TO THIN HOLOGRAMS. 
The theoretical storage density of two 
dimensional (thin) holograms is 4 X 10 8 
 bits/cm' (one bit per square area one 
wavelength on a side) whereas in three 
dimensional volume (thick) holograms 
the theoretical storage density is 
8 x 10 12 bits/cm' (one bit per cube 
volume wavelength on a side) [9]. Ob-
viously for truly high capacity storage, 
thick holograms (such as in optical 
crystals) need to be used instead of thin 
holograms (such as in photographic 
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COMPARISON OF VARIOUS TYPES OF MEMORIES 
Figure 1. A graphic view of present and future memory performance. 
Taming the information explosion 
emulsions or metal films). Holographic 
memory systems have been described 
which utilize three-dimensional storage 
[10, 11]. These systems superpose 
many holograms at a single location in-
side the thick recording medium by us-
ing a different reference beam angle for 
each hologram. Because of their 
volume nature, these holograms exhibit 
very strong angular selectivity [12, 13]. 
That is, in order to read a hologram, the 
reference beam must illuminate the 
hologram within a narrow angular cor-
ridor about the Bragg angle for that 
hologram. Illumination outside of this 
angular corridor produces a rapidly 
decreasing intensity of reconstructed 
data. In addition, the thicker the 
hologram is, the narrower the angular 
corridor for reconstruction becomes. 
The superposition of multiple holograms 
at a single volume location introduces 
the additional problem of writing new 
holograms in that volume without affec-
ting those already there. When lithium 
niobate is used as the three dimensional 
storage material, this problem may be 
solved by the application of an external 
electric field [14, 15]. This greatly in-
creases the sensitivity for writing while 
the sensitivity for erasure remains un-
changed at a much lower value. Thus as 
a new hologram is written, the other 
30  
holograms a': that location are only 
slightly erased. 
THE OPTICAL MEMORY SYSTEM 
SHOULD CONTAIN NO MOVING 
PARTS. This is necessary to achieve 
realistic operating speeds that are con-
sistent with computer requirements. In 
addition, mechanical movements in a 
complex memory system may well 
reduce the re lability to an unacceptable 
level. 
Memory building blocks 
To construct an optical memory five 
basic components are needed: an op-
tical source, beam defelectors, a page 
composer, the recording material, and a 
detector matrix. These components are 
then interfaced with each other using 
conventional optics and electronics. 
The technologies associated with page 
composers, beam deflectors, and 
recording materials, overlap each other 
to a large extent. Specifically, it is con-
ceivable that lithium niobate may be 
used in all three components. 
OPTICAL SOURCE A laser is needed 
to produce the coherent, collimated light 
required in an optical memory system. 
The laser must be gated or pulsed so as 
to operate at about 10 6 pulses per 
second. Additionally, an average optical 
power of about one watt will be needed. 
These requirements as well as re-
quirements on the reliability, amplitude 
stability, and frequency stability can all 
be met with existing lasers. Completely 
satisfactory, argon ion lasers are 
available. The drawbacks of this laser 
are its high cost (about $20,000) and its 
low efficiency of conversion of electrical 
power to optical power (about 0.1%). 
BEAM DEFLECTORS An optical 
memory system must utilize a number of 
beam deflectors to accurately position 
the laser beams for the reading, writing, 
and erasing operations. This positioning 
process must be both quick and ac-
curate. 
As shown in Table 1, there are three 
basic types of deflectors: galvonom-
eters, acousto-optic deflectors, and 
electro-optic deflectors. A number of 
examples in each of these categories 
are also listed in the Table. The perfor-
mance of a deflector may be quantified 
by the resolution and the random 
access time. Resolution may be defined 
as the maximum deflection angle 
divided by the diffraction limited angle. 
This ratio gives the total number of 
resolvable spots or total number of re-
solvable angular positions. Random 
access time is the time required to 
deflect the laser beam to a new angular 
position. 
An extensive comparison of light 
beam deflectors has been performed by 
Zook [16]. Mechanical galvonometer 
deflectors are too slow for fast access 
memory applications (which require an 
access time of approximately one 
microsecond). Acousto-optic and 
electro-optic deflectors, on the other 
hand, can be constructed to achieve the 
necessary access times. These devices, 
however, lack the resolution attainable 
in galvonometers and must frequently 
be cascaded to achieve the number of 
resolvable locations needed. For exam-
ple, an electro-optic deflector has been 
built capable of resolving a two dimen-
sional array of 1024 X 1024 spots using 
twenty stages of deflection with an 
access time of 0.8 microseconds [17]. 
PAGE COMPOSER The input device 
for the optical memory is a page com-
poser (block data composer), which 
converts digital electrical signals directly 
into a two dimensional optical array of 
bits. The page composer will be located 
in the object beam of the two beam 
holographic configuration. Reconstruc-
tion of the recorded data will duplicate 
the array of 1's and 0's (bright and dark 
spots) generated by the page com-
poser. 
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There are a number of characteristics 
that the page composer must possess. 
These requirements include: 1. High 
frame speed — It must be possible to 
rapidly change the data page in the 
page composer. The change time 
ideally must be in the microsecond 
range. 2. High resolution — The size of 
each bit in the page composer needs to 
be small. Sizes in the range 10 to 100 
microns would be suitable. 3. Large 
aperture — The total area of the page 
composer transverse to the laser beam 
needs to be large enough to accom-
modate the number of bits per page 
desired. For many applications the bit 
array size should be in the range 64 X 
64 elements to 1024 X 1024 elements. 
4. High contrast ratio — The achieve-
ment of a high contrast ratio relaxes the 
subsequent requirements on the recor-
ding material and the detector matrix. A 
contrast ratio of 100 to 1 or greater is 
desirable and this has been achieved in 
a number of page composer type 
devices. 5. Stability — The characteris-
tics of page composer materials must 
not be degraded by exposure to high in-
tensity light (the object beam). 6. Unifor-
mity — Material nonuniformities in the 
block data composer must be below the 
minimum level associated with the onset 
of readout errors in the memory system. 
A wide variety of approaches exist for 
the construction of page composers. A 
number of these approaches are listed 
in Table 2. Obviously, a large number of 
physical effects and a large number of 
materials are potentially usable in page 
composers. Liquid crystal block data 
composers (see Ref. 18 and Ref. 19) 
appear to be very useful. RCA has con-
structed a 1024 bit liquid crystal page 
composer [8]. A major problem with liq-
uid crystal page composers has been 
their relatively slow frame speed (on the 
order of 100 ms). Lead lanthanum zir-
conate titanate (PLZT) block data com-
posers [20] also appear to be very 
promising. These page composers, 
which do not suffer from a slow frame 
rate, have four basic modes of 
operation: strain biased mode, scatter-
ing mode, edge effect mode, and 
differential phase mode [21]. This last 
mode of operation eliminates the 
detrimental effects of background non-
uniformities in the PLZT, but requires a 
double hologram exposure through the 
data mask. Two recently developed ap-
proaches to block data composers 
utilize a thin, deformable, membrane 
mirror array [22] and the thermally in-
duced shift in the optical absorption 
band edge in CdS [23]. 
Table 1 
Types of Beam Deflectors 
Galvonometers 
Moving iron galvonometer 
Moving coil galvonometer 
Acousto-Optic 
Alpha-iodic acid ( a- HI03) 







Lithium niobate (LiNb03) 
Strontium barium niobate (Sr.o  Ba„,„Nb306) 
Nitrobenzene 
Potassium tantalum niobate (KTN) 
RECORDING MATERIAL The central 
element of the optical memory is the 
recording material. This piece of 
material, often rather small in size, 
provides the entire storage capacity of 
the optical memory system. Recording 
materials must possess a number of im-
portant characteristics to achieve the 
high storage capacities that have been 
predicted for optical memories. These 
requirements on the optical recording 
material include, 1. High sensitivity — It 
is desirable that only a small amount of 
optical energy per unit area be needed 
to record the hologram of a data page. 
Table 3 lists the necessary writing en-
ergy densities for a number of record-
ing materials. For a practical system an 
energy density of about 1 millijoule/cm 2 
 or less will be needed. 2. Large diffrac-
tion efficiency Diffraction efficiency is 
the fraction of the reading light 
(reference beam) that is diffracted into 
the reconstructed data beam. It must be 
possible to record a single hologram 
with a large diffraction efficiency, so that 
in practice many holograms may be 
recorded at a single location, each with 
an equal share of the total maximum dif-
fraction efficiency. Therefore it is 
desirable to have the maximum diffrac-
tion efficiency as close to 100% as 
possible. 3. Erasable and rewritable —
For a rapid cycle read-write-erase 
memory system, it must be possible to 
continuously alter the stored data in the 
memory without encountering any 
degradation in the material 
characteristics. 4. Long lifetime of 
stored information — Stored data 
should persist for long periods of time 
before having to be refreshed. Ideally, 
storage should be permanent. 5. Non-
volatile storage — Data should remain 
recorded in the memory in the absence -
of system power. 6. Nondestructive 
readout -- It should be possible to per-
form an essentially unlimited number of 
read operations without degrading or 
altering the stored data. 7. Three dimen-
sional storage — To achieve very high 
capacity storage, the information should 
be stored in thick (volume) holograms. 
Together with the requirement of high 
diffraction efficiency, this means that the 
hologram should be a thick phase 
(nonabsorbing) hologram. 8. High 
resolution — The storage material ob-
viously must be capable of recording 
the very fine (wavelength size) variations 
of the interference pattern produced by 
the intersection of the object and 
reference beams. 
Research and development on op-
tical recording materials for optical 
memories has produced remarkable 
advances in the past few years. Many 
different types of materials, as indicated 
in Table 2, are contenders for recording 
applications. Considering all of the 
above material requirements, the 
photorefractive materials (optically in-
duced changes in index of refraction) 
appear to be especially promising. 
These materials, often ferroelectric 
crystals such as lithium niobate and 
strontium barium niobate (SBN), have 
been considerably developed and im-
proved. For example, in the first use of 
lithium niobate as a recording material 
in 1968 a writing energy density of ap-
proximately 100 joules/cm' was re-
quired [24]. Less than six years later, 
doped versions of lithium niobate were 
shown to exhibit writing energy densities 
of 2 millijoules/cm 2 [25]. This is an im-
provement in sensitivity of almost 5 
orders of magnitude. Similar sensitivity 
improvements have been reported for 
SBN [26]. The other needed material 
characteristics have all been reported in 
the photorefractive ferroelectrics —
large diffraction efficiency [24, 27], op-
tical erasing and rewriting [14, 15, 28], 
long lifetime of stored data [29], three 
dimensional storage [13, 24], etc. At the 
present time these very favorable 
material characteristics have not been 
simultaneously observed in a single 
sample. Further, it is still not clear that all 
of the desired characteristics can coex-
ist in a single doped ferroelectric 
material. Trade-offs that have not been 
discovered may exist between the 
various desired properties. Clearly, 
Optical Spectra —June, 1974 
	
41 	 31 
Taming the information explosion 
'cable 2 








Polarization rotation by induced birefringence 
(electrooptic effects) 
Phase changes by formation of surface relief 
pattern 
Phase disturbances by piezoelectric excitation 
of reflecting surfaces 
Optical density change by induced absorption 
Optical scattering change by electrical agitation 
Polarization rotation by magnetooptic effects 
Traveling phase changes by acoustooptic inter-
action (Debye-Sears and Bragg effects) 
Thermally induced shift in absorption band edge 
Optical scattering by poled and unpoled 
regions of a ferroelectric 
Phase changes by variation of optical path 
length 
Reflection changes from thin, deformable 
membrane mirror elements 
PLZT (ceramic), 1311,,Ti 3O, 2 KDP, KD*P, ADP 
Thermoplastics, Phot:plastics, Thin metalized 
membranes 
Mirrored piezoelectric crystals 
Photochromics, Cathodochromics 
Liquid crystals 
MnBi, EuO:Fe, Ni-Fe FeB0,, FeF 3 
Water (and other liquids), Fused quartz (and 
other amorphous solids), PbMo0,, (and other 
crystals) 
CdS, CdSe, As2S3 
PLZT (ceramic) 
Electrostrictive rnalerials, PLZT (ceramic) 
Metal films over a substrate support structure  
Electrode matrix, Electron beam, Light beam 
(with photoconductor) 
Electron beam, Electrode matrix plus charge 
Individual switches to an rf driver 
Light beam (uv) plus flood illumination for erase, 
Electron beam plus flood illumination for erase 
Electrode matrix, Light beam (with photo-
cond uctor) 
Light beam (absorption), Conductor matrix 
Transverse interaction of coherent light and 
traveling acoustic waves 
Electrode matrix for heating and heat sink sub-
strate for cooling 
Electrode matrix 
Electrode matrix, Double hologram recording 
method 
Electrode feedthrough from transistor on back 
of substrate 
"adapted from H. N. Roberts, Applied Optics, vol. 11, pp. 397-404, February 1972. 
more basic research on optical record-
ing materials is required to resolve the 
many remaining questions. If a single 
material can reliably and reproducibly 
be made with all of the above required 
properties, it is certain that read-write-
erase optical memories will become 
commercially available. 
DETECTOR MATRIX An array of 
photodetectors is needed to convert the 
optical holographically reconstructed 
data into an electrical signal. This 
photosensitive readout array would 
have one photodiode or phototransistor 
for each bit of data in the reconstructed 
page. Each sensor in the array would 
function as a threshold detector in-
dicating the presence or absence of 
light (a binary 1 or 0). All stored 
holograms would be read out with the 
same detector matrix (for a single port 
memory). 
The photodetectors ideally must ex-
hibit a low threshold detection power. 
Noise associated with the operation of 
the photodetector determines the lower 
limit of optical power needed for 
threshold detection. For a signal-to-
noise ratio of about 10, an optical power 
in the range of 0.1 to 1.0 microwatts per 
bit will be required. Already readout 
arrays operating at 0.3 microwatts per 
bit have been constructed [30]. 
The second basic requirement on the 
detector matrix is that a large defect free 
array be constructable with existing 
technology. Modern semiconductor 
technology has fulfilled this require-
ment. Bell Laboratories has constructed 
a silicon-diode-array camera tube that 
consists of 525,000 individual 
photodiodes on a single silicon slice 
[31]. An LSI phototransistor array with 
51,200 silicon phototransistors has 
been built [32] using multilayer inter-
connection techniques so that any bit 
can be read out in about a microsec-
ond. Continuing advances in semicon- 
ductor technology assure the availability 
of high quality photodetector arrays. 
Where we are now 
Optical mass memories currently in 
existence include the IBM 1360 
memory, introduced in 1966 but no 
longer in production. This Photo Digital 
Mass Storage System uses electron 
beams for recording and is read out op-
tically. As shown in Fig. 1 its trillion bits 
are only very slowly accessible. Preci-
sion Instrument's Unicon laser mass 
memory system is an optical mass 
memory that now is commercially 
available. It uses an argon laser to per-
form bit-by-bit recording by vaporizing 
small holes in a metallized polyester 
belt. This read -only nonholographic 
memory has a storage capacity of 7 X 
10" bits and an average access time of 
somewhat less than 10 seconds. 
The Laser Computer Corporation has 
aroused a great deal of discussion by its 
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announcement of a 10 1 ' bit memory 
having a 20 nanosecond access time. 
As shown in Fig. 1 this would place their 
memory beyond the predicted future 
limits associated with optical memories. 
Unfortunately, very few details are 
available about this system. 
A design revolution 
Optical memories, in addition to in-
creasing the capabilities of existing 
computers, promise to spur the 
development of new computer architec-
tures [2]. It is conceptually simple to 
construct an optical memory in which 
any of the data pages may be accessed 
by multiple users simultaneously. This 
feature, not available in conventional 
memories, allows access to the memory 
through any of its multiple ports. 
Speed, capacity, and cost relation-
ships have determined a basic com-
puter architecture that utilizes a hier-
archical memory structure. A common 
way of inplementing this structure has 
been to provide for page swaps 
between a local memory and the mass 
store, and for word (or character) swaps 
between the local store and the central 
processing unit. Such a structure has in-
evitably led to problems of addressing, 
replacing pages, multiple contention for 
pages and memory allocation.The con-
tention problem can be relieved by 
building a mass memory with multiple 
access ports. If such a memory has si-
multaneous read/write capability, then 
each user demanding use of mass 
memory appears to have complete con-
trol. Problems of write protection, 
memory allocation and paging still re-
main, but the speed of the mass 
memory has been effectively increased 
by having multi-port capability. 
Speed can be further enhanced by 
utilizing a mass memory which 
accesses a single page in one access 
cycle. This differs from mass memory 
devices such as a disk where the page 
is accessed sequentially making the 
access time proportional to page size. A 
parallel transfer of a single page 
between the mass memory and an in-
dividual memory port coupled with the 
idea of multi-port simultaneous page 
access can provide a distinctly new 
storage device for parallel computation. 
Current methods in parallel computation 
utilize multiple processors and multiple 
memories and require many memory to 
memory swaps to perform array type 
computations. A mass memory with 
multi-port access capability would 
reduce the word exchanges and could 
enhance parallel computation. 
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Three typical applications for a multi-
port memory as shown in Fig. 2 are: 1. 
Record access As previously dis-
cussed, many applications exist that 
require the storage and retrieval of large 
blocks of information. This can be 
realized very efficiently with a multi-port 
memory. In these systems, data would 
be stored in page format in the multi-
port memory. In these systems, data 
would be stored in page format in the 
multi-port memory. Access to any page 
would be via a terminal through one of 
the memory access ports. The data re-
quirement of each terminal is, in some 
applications, low enough to have one 
memory port support several terminals 
through a mult plexer. Normally these 
terminals are used in a read access 
mode and would not be allowed to per-
form write operations to the memory. 2. 
Simultaneously shared memory com-
puting — In this application the user 
performs transformations on the data 
accessed. This adds arithmetic logic 
units to the architecture as shown. 3.  
2 X 10' 
2 X 10' 
7 X 10' 
1 X 10-2 
2 X 10 -3 
 6 X 10' 
1 X 10-2 
1 X 10-2 
 1 X 102
1 X 10-2 
3 X 10 2 
 5 X 10-2
 9 X 10-2
 9X 10' 
9 X 10' 
1 X 10 ' 
2 X 10- ' 
2 X 10- ' 
3 X 10' 









Parallel processing — There are many 
scientific problems requiring enormous 
numbers of computations. One ap-
proach to this problem has been a multi-
processor parallel computation techni-
que. Essentially all processors are 
dedicated to solving one step and then 
after a transfer to the appropriate 
processor, repeating the step-wise 
computation. Problems arise from syn-
chronization and system reliability when 
the parallelism is carried as far as that in 
Illiac IV. A possible structure for parallel 
processing is also shown in Fig. 2. Each 
processor is connected to the multi-port 
memory through a port. Transfers 
between processors can be made on an 
outer bus connecting each processor. 
Summary 
There has been a great deal of activity 
in recent years related to optical 
memories. Research and development 
has produced advances in optical 
memory components and the materials 
used in these components. In the area 
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of recording materials, more basic 
research clearly is required. The other 
components for the optical memory are 
either available or can be with additional 
engineering effort. 
In the realm of system configurations 
for optical memories, there has been a 
sizeable effort to develop prototype 
memory systems. Holographic optical 
memories have been built by RCA Labs, 
Harris-Intertype, Bell Labs, Thomson-
CSF, Nippon Corp., and others. For the 
most part these are limited versions of 
the full scale high capacity read-write-
erase memory system of the future. In 
additon, new computer architectures 
are being identified to take advantage of 
and efficiently use the unique 
capabilities that are possible in optical 
memories. ❑ 
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